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Introduction 

The idea of the Geodesy/Solid Earth and Ocean Physics (GEOP) research con- 
ferences was bom on October 6, 1971 in the bar of the Sonesta Beach Hotel in Key 
Biscayne, Florida, while Jerome Rosenberg of NASA Headquarters and the future 
director of the conferences were trying to recover from the hardship imposed upon 
them by the conference on "Sea Surface Topography from Space". The following 
thoughts were recorded: 

- It may be the way to accelerate the development of interdisciplinary for- 
bearance and skills so necessary for applying the newer technologies to a prompt 
and beneficial attack on critical problems . 

- Emphasis would be on the application of space-based technologies; however, 
such a restriction should not be imposed. 

- A small steering committee (similar to a board of directors) should bo 
appointed/selected to plan and run the seminars. 

- The seminars would meet at regular intervals (every 2-4 months). 

- The seminar should be spxDnsored by a respected scientific organization such 
as the American Geophysical Union. Voluntary cosponsors and contributions should 
be solicited from the government and non-government communities. 

- One of the secondary objectives of the seminar should be to involve and interest 
better graduate students in the critical problems of geodesy /eailh and ocean physics. 

On that basis, the academic environment would be the most suitable one for the 
meetings . 

- Each seminar should have at least one invited review or tutorial paper. This 
will help maintain the thrust for interdisciplinary exchange. The invited papers should 
be by accepted experts and should be based on guidelines established by the steering 
committee. 

- At least one-third of the meeting time should be for informal discussion. In 
addition, panel discussions wherein the panel members and the audience exchange views 
should be emphasized. To further encourage inquiry, each paper should be followed 

by an equal time for questions from the floor. 
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Based on these preliminary thoughts the Charter of the GEOP Conferences 
was formulated and the sponsorships of the American Geophysical Union, National 
Aeronautics and Space Administration, National Oceanic and Atmospheric Admini- 
stration and the U.S. Geolog;ical Survey were sought. The AGU Council at its December 
5, 1971 meeting, authorized the sponsorship, and the other organizations followed suit 
shortly afterwards. The Charter is reproduced below: 


Purpose : 

The conferences are establishc<l to .stimulate interdisciplinary research 
in the fields of geodesy, solid-earth imd ocean physics within universities, 
research foundations, industrial and governmenUil orgiuiizations. This is 
to be achieved by an infoimruU type of meeting consisting of scheduled speakers 
and discussion groups where sufficient time is available to stimulate discus- 
sion among the members of each conference. This t>’pe of meeting is a valuable 
means of disseminating information and ideas to an extent that could not be 
achieved through the usual channels of publication and presentation at scien- 
tific meetings. In addition, scientists in these related fields become acquainted 
and valuable associations are formed that often result in collaboration and 
cooperative efforts. 

Mootings are held at regular intervals (every 2-4 months) during a 
two diiy period. The morning of the first day is reserved for a tutor uil 
lecture presented by ;m eminent scientist. The topic of the lecture is deter- 
mined by the subject of the conference in question and generally is a review 
of known infoiTnation . It is hoped that each conference will extend the frontiers 
of science by fostering a free ;md informal exchange of ideas among persons 
actively interested in the subject under discussion. 

The primary puipose of the program is to bring experts up-to-date on 
the latest developments, to analyze the significance of these developments, 
to provoke suggestions concerning the underlying theories and profitable 
methods of approach for scientific research and to accelerate the development 
of interdisciplinary forebearance :md skills necessary for applying the newer 
technologies to an efficient attack on critical problems. Emphasis is on the 
application of space and astronomic techniques, however, other techniques 
are not necessarily excluded. 

The secondary purpose of the progr:im is to interest and involve t:ilenU>d 
graduate students in the critical problems of gecxlesy/solid-eaiih and ocean 
physics. 

in oixler to piotcct individiuil rights ;uui promote discussion, it is im 
establi.shed requirement of eaeh conferenee that no new infonnation presented 
is to l)e used without .specifie authorization of Uie individu:il making the eontid- 
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bution, whether in formal presentation or in discussion. Scientific pub- 
lications, with the exception of the tutorial-review paper, are not prepared 
as emanating from the conferences. 

Administration : 

The conferences are sponsored by the American Geophysical Union, 
NASA, NOAA, USGS and the Department of Geodetic Science, The Ohio 
State University. The program is under the direction of the Steering Com- 
mittee, members of which are appointed by the various Sections of the 
American Geophysical Union. The Steering Committee elects the Chairman 
of the Conferences and appoints a subcommittee from its membership for 
each conference. An Executive Director is appointed by the Department of 
Geodetic Science, The Ohio State University. 

Registration : 

Attendance at the conferences is by application, which must be sub- 
mitted on the standard application form obtainable from the American Geo- 
physical Union. This procedure is important because certain specific infor- 
mation is required in order that a fair and equitable decision on the applica- 
tion may be made. Attendance at each conference is limited to approximately 
fifty conferees. 

AGU submits the applications of those requesting permission to attend 
a conference to the committee for the conference. This committee reviews 
the applications and selects the members in an effort to distribute the atten- 
dance as widely as possible among the various organizations represented by 
the applications. A registration card is then mailed to those selected. 

Advance registration by mail for each conference is required and is completed 
on receipt of the card. There is no registration fee, however, each registrant 
is e.xpccted to cover his own travel, lodging and other expenses. 

Most conferences will be scheduled in the Center for Tomorrow on the 
campus of The Ohio State University in Columbus. The center is equippcxl 
with lodging and conference facilities, all in the same building. The conferees 
are expected to live at this location because one of the objectives of the con- 
ference is to provide a place where scientists can get together informally for 
discussion of scientific research. 


The Steering Committee appointed by the AGU Council (sec title page) met on 
Febniaj'y 22, 1972 on the New York University campus, iuid the GEOP conli-rence 
series was on Its way, with the first conference to be held InOctolxu' 1972. Al'tci’ 
the 1972/73 academic year the Defense Mapping Agency joint'd the list of sponsoi-s 
and a second year was authorized. A total of eight conferences were held during 
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these two years. It is hoped that the following pages reflect not just the work 
accomplished but also portray at least a part of the atmosphere of excitement, 
discovery and friendship which was present throughout. It is also hoped that 
these pioneering efforts of organizing conferences covering limited interdisci- 
plinary subject areas (topical conferences) will be followed by others organized 
by the scientific community. The GEOP experience clearly shows that future 
conference series should retain the following GEOP features: 

1. limited interdisciplinary subject area 

2. not longer than two days 

3. not more than 60 attendees 

4. organization delegated to four panel chairmen 

5. located at an intermontane university strong in the area of geophysics. 
Recommended modifications are: 

1. broaden scope to "Geophysical Interaction" conferences 

2. change responsibility and location every two or three years. 


4 


i 


f 


Fhst 6eoJesglSoHd-B0ttlt $nd Oce$n Physics 
(6B0P) Resestch Confe fence 


Solid Earth and Ocean Tides 

Keynote Speaker: Walter H. Munk, University of California 


CENTER FOR TOMORROW 
OHIO STATE UNIVERSITY 
COLUMBUS, OHIO 
OCTOBER 26-27, 1972 


Sponsored by: American Geophysical Union 

National Aeronautics and Space Administration 
National Oceanic and Atmospheric Administration 
Ohio State University, Department of Geodetic Science 
U.S. Geological Survey 

The theme for the first GEOP Research Conference will be set by an introductory review relating to 
earth and ocean tides. The conference will be divided into the following sub topics, each introduced by an 
invited moderator and discussed by a panel; 

1. Perturbations: Ocean Tides-Earth Tides; Chairman: John Kuo, 

Lamont-Doherty Geological Observatory. 

2. Tidal Instrumentation, Data Acquisition and Analysts; Chairman; Chris 

Harrison, University of Colorado. 

3. Global Oceanic Tidal Measurements and Prediction; Chairman: MyrI C. 

Henderschott, University of California. 

4. Coastal Tidal Measurements and Prediction; Chairman: Carl Wunsch, 

Massachusetts Institute of Technology. 

Individuals interested in attending the conference are requested to send their applications on the stand- 
ard application form available from the American Geophysical Union, 1707 L Street, N.W., Washington, 
D.C. 20036. Information on the membership in the GEOP Research Conferences may be found on page 305 
of the April 1972 issue of E©S. 

Further details on the program, accommodations, and registration will be sent to those applicants 
selected by the committee to attend the conference. 


American Geophysical Union * 1707 L Street, N.W * Washington, D.C, 20036 
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Ocean Tides 

M.C. Hendersbott 


Progress in the understanding of 
ocean tides since the field was re- 
viewed two years ago by HenJershoit 
and Munk 11970) has confirmed 
their characterization of the field as 
rapidly developing. The First Geod- 
esy/Solid-Earth and Ocean Physics 
(CHOP) Research Conference on Solid- 
Earth and Ocean Tides provided an op- 
portunity to gather subsequent results 
and to view them in the context of 
long-term trends in the development 
of the field. This review, therefore, 
largely picks up where that of Hen- 
dershott and Munk (19701 left off, 
the two reviews together are in- 
tended to provide a modern view of 
our state of understanding of ocean 
tides. Vital progress in instrumenta- 
tion, in data analysis, and in the 
closely related field of solid-earth 
tides is outlined in the accompanying 
suniinary of conference discussions 
beginning on page 96 of this issue. 

Tidal Dissipation, Continental Shelf 
and Marginal Sea Tides, 

Baroclinic Tides 

The total rate of tidal dissipation 
in the atmosphere- ocean-solid- 
earth system has been fixed at about 
3 X 10‘* erg/ sec by ascribing the 
astronomically or paleontologically 
observed increase in the length of 
day to a retarding torque arising 
troin the frictionally induced phase 
lag between actual tides and tide- 
generuting forces \Munk and Mac- 
Donald, I960) Thus the problem is 
not the determination of the rate of 

Thi.s atlicle was taken from the key- 
note address presented at the first GEOP 
Resi-arch Conference on Tides, which was 

'at The Ohio State I'niversity. Colum- 
bus October 26-27. 1972. 


tidal dissipation but rather the deter- 
mination of the mechanism by which 
the known dissipation occurs. 

Most of the dissipation is thought 
to occui in the ocean, and the greater 
part of that evidently occurs in shal- 
low marginal seas and over certain 
continental shelves. Atmospheric dis- 
sipation is probably quite small, and 
the effect of atmospheric tides on 
ocean- solid-earth tides is known to 
be small. (The reverse, however, is 
not true, ocean surface tide displace- 
ments alone are as effective as heat- 
ing and cooling in driving atmospher- 
ic tides [Hollingsworth. 1971).) The 
grave mode of solid-earth free oscilla- 
tion has the same second-order spher- 
ical harmonic form as does the great- 
est part of the solid-earth tide itself, 
and studies of solid-earth ‘ringing’ 
after strong earthquakes suggest that 
the Q of this mode is of the order of 
10^ {Q = Inh'/Ttf, where k is the 
total stored energy that escapes at a 
rate A'/ and T is the period ol the 
motion). Thus solid-earth dissipation 
IS also likely to be small. We are left, 
then, with the oceans as evidently 
the major dissipators, although a 
definitive discussion of the partition 
of dissipation has not yet been given. 

By estimating the energy flux 
from the deep sea onto shoal regions 
or by estimating directly the rate of 
working by bottom stresses as tidal 
currents flow over shoal regions, Ac/ 
Ireys |1921|. Heiskanen |192l|, 
and, most recenlly. Miller 1196b| 
have been able to ascribe most of the 
total dissipation to shoal regions. Hut 
the accuracy of these estimates is 
very poor, especially because of the 
kind of tidal current data available; 
Miller finds that the shoal area dissi- 


pation may fall between 0.7 X 10** 
erg/sec and 2.5 X lO'* erg/sec. The 
difference between his upper limit 
and the astronomically determined 
3 X lO'* erg/sec is probably not 
significant. The importance of a few 
regions in this estimate is striking 
According to Miller, the five most 
important regions, together with 
their approximate dissipations (in 
lO'^ erg/sec), are the Bering .Sea 
(24), the Sea of Okhtosk (21), the 
Timor Sea (15), the Patagonian shelf 
(13), and the Hudson Straits (12). 
They sum to 0.85 X lO” erg/sec, 
nearly onc-third of the total. 

A number of recent studies have 
resulted in improvements in our un- 
derstanding of tides in marginal seas 
and over continental shelves. Hender- 
shoti and Sperunza I 1971 1 have sug- 
gested a way to compute the rate of 
tidal energy flow along certain long 
and relatively narrow marginal seas 
having primarily cross basin varia ion 
of bottom relief They capitalize on 
the fact that many such basins are 
sufficiently narrow and deep that 
only Kelvin waves propagate semi- 
diurnal tidal energy, in principle, 
therefore, only two tide stations at 
which harmonic constants are known 
permit deduction of the direction 
and magnitude of the semidiurnal 
tidal energy flux along the basin. 
Hendershott and Speranza (1971) 
interpreted the net inflow of energy 
thus calculated fur the Adriatic .Sea 
and the Gulf of California as shallow 
water dissipation at the shoaling 
closed end ol the basin Garrett (pri- 
vate communication) has pointed out 
that the local rate of working by 
tide-generating forces may also have 
to be considered if shallow water dis- 
sipation itself IS to be deduced 
Systematic application of this tech- 
mque should make possible a useful 
revision of some of Miller’s 11966) 
estimates of marginal sea dissipation. 

Munk el al. (19701 attempt to 
represent Calitornia coastal tides as a 
superposition of the possible mo- 
tions, free and forced, ol a plane, 
rolaling ocean that has a straight 
coast with a continental shell In the 
absence of rotation, a tamily of 
■Stokes edge waves are relraclively 
trapped over the shelf. Rotation 
sphts the formerly identical phase 
speeds of oppositely traveling modes 
and also makes possible a new set ol 
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Ftg. I. Typical dispersion relation (frequency in units of the local inertial 
frequency plotted against longshore wave number in units of reciprocal shelf 
width I for a continental shelf, after Munk, Snodgrass and Wimhush (1970). 
The discrete edge waves are the rotationally modified Stokes modes of §2. 
the n = 0 edge wave having negative longshore H’flMe number becomes the 
Kelvin mode for dimensionless frequencies of order one or smaller. The three 
short horizontal lines of constant frequency near the origin cross the disper- 
sion curves of the various modes which may be excited in tides at low lati- 
tudes (uppermost line), mid latitudes, i.e., California (central line), and high 
latitudes (lowest line). 

quasigeostrophic low-frequency shelf California coast, roughly half way to 
modes trapped over the shelf. (How- Hawaii, a prediction that has subse- 
ever, the lowest order Stokes mode, quently been confirmed by direct 
which travels with the coast to the deep sea observation {Irish et of, 
right in the northern hemisphere, ap- 1971 ]. The success of this dissipa- 
proaches the usual Kelvin wave at tionless model is a strong, although 
frequencies of the order of the local indirect, confirmation of Miller's 
inertial frequency.) A continuum of |1966] low estimate of California 
leaky Poincare waves (essentially coastal tidal dissipation. Miles 
rotationally modified gravity waves [1972] has shown how coast hne cur- 
reflected at the shore-shelf) also vature modifies the dominant Kelvin 
exists (Figure 1). Besides these free mode, 
modes, Munk et al. [ 1970) addition- 
ally require a forced shelf solution The variety of shell modes (Figure 
that allows for both local working by ') coastal tides of quite 

tide-generating forces as well as for different character from those of Cal- 
the yielding of the solid earth to dornia. At very low latitudes, the 
those forces lowest order Stokes mode whose 

For the California coastal M2 tide, direction of travel is opposite to that 
a combination of the Kelvin-Stokes ol the Kelvin-Stokes mode may be 
mode, a single wave of the Poincare excited in semidiurnal tides. At high 
continuum, and the forced solution latitudes, one or more quusigeo 
in the amplitude ratio 54 Ifi 4 cm strophic shell modes may he excited 
gives a good representation ol the m diurnal lides Because these quasi- 


in this latter case strong diurnal tidal 
currents without correspondingly 
large diurnal fluctuations of sea level 
Cartwright | I9h9| has observed diur- 
nal tides of this kind in the region 
west of Scotland. 

A number of observational studies 
of continental she'if and marginal sea 
tides have recently been initiated, in- 
cluding studies of continental shelf 
tides around the British Isles [Cart- 
wright. 1968) and Australia {Irish, 
19711. FTIIoux (unpublished data) 
has recently completed a series of 
observations in the Gulf of Califor- 
nia. All of this important observa- 
tional work is too recent to have 
strongly influenced theoretical 
studies and a great deal more is as yet 
unpublished 

The dynamics of tides in shoal 
regions are thus being sorted out, but 
the vital question ol whether all or 
merely some ot the oceans’ tidal dis- 
sipation occurs there is not yet re- 
solved By tar tlie most interesting 
altcrn dive to the total dissipative 
dominance ol shoal regions is the 
possibility that an appreciable 
amount ot dissipation occurs via 
baroclinic or internal tides The 
small-scale turbulence and conse- 
quent mixing that would result from 
'breaking' tidal internal waves make 
this prospect one of great interest to 
oceanographers. However, the phys- 
ics of internal wave generation and 
decay are only beginning to be un- 
derstood Observations of internal 
tides, both over continental shelves 
and in the deep sea, are common- 
place, although perhaps not so much 
so as observations of inertial currents 
{Webster, 1968|. Defant | 1950) has 
summarized the evidence available 
before the advent ol long-term deep 
sea moorings. Subsequent reports or 
discussions of relevant observations 
have been given by l.ajond ||962|, 
Cox 119621, fee and Cox 119h6|, 
Wunsch and Dahlen { 1970) , llalpern 
[1971), l•'ofonoff and Webster 
1 1971 1, Could I 1971 I, and many 
others. No modern review ot the in- 
ternal tide problem exists, and I will 
not attempt to present one here 

Internal tidal waves owe llie possi- 
bility ol their existence to the stable 


coastwise and seaward variation of geostrophic moiles lend to have den.sily .ilralilicalion id the oceans. 


the tide. This mix of modes predicts much more kinetic than potential They manliest themselves largely as 


a semidiurnal amphidrome oft the energy, one would expect to observe marked but Irregular departures ol 
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the vertical profile of horizonta' tidal 
currents from the uniformity implicit 
in the usual form of the long-wave, 
shallow water equations, their effects 
on sea-surface displacement would he 
barely detectable \Radok et at., 
19671. Internal tidal currents are 
nearly always phase incoherent with 
either the tide-generating forces or 
local barotropic, i.e., surface, tides 
(see, for example, Munk et at. 
(19701). This situation has been 
widely interpreted as being the result 
of the very low phase speeds of free 
internal waves and the consequent 
likelihood of their strong nonlinear 
interaction with ocean currents hav- 
ing appreciable variation over weeks 
or months. Regal and Wunsch 
(19721 note the sole exception to 
this: at a location (Woods Hole Site 
D) seaward of the continental slope 
in the western North Atlantic they 
find semidiurnal tidal currents phase 
locked to th" surface tide. 

Internal tides are generated and 
dissipated by unknown mechanisms. 
The possible importance of scattering 
of barotropic tidal energy into baro- 
clinic tides via interaction with bot- 
tom roughness has been stressed by 
Rattray et at. ( 1969) and by Raines 
(1971) for the continental shelves 
and large-scale bottom slopes and by 
Cox and Sandstrom (1962) for 
small-.'icale mid-ocean bottom rough- 
ness. The relative importance of the 
different topographic regions is un- 
known. Observations by Reid 
( 1956) and by Summers and Rmery 
( 1963] suggest that the seaward edge 
of the California continental shelf is 
an important local source of semi- 
diurnal internal tides. The unusual 
observation by Regal and Wunsch 
( 1972[ of internal tides having phase 
coherence with the surface tide, 
strongly suggests generation over the 
nearby continental slope, especially 
when the vertical structure of the ob- 
servations is considered Cox ( 19681 
has estimated the energy density in 
internal tides at a location 350 km 
off the southern California coast to 
be 4.5 X 10* erg/cm’, about 30% 
of the energy present in the semidiur- 
nal barotropic tide there, hut until 
recently there have been no observa- 
tions allowing even a guess at the rate 
of energy input or energy loss for in- 
ternal tides. 


h'unsch and Hendry (1972) have 
placed a closely spaced array of cur- 
rent meters on the continental slope 
of the western North Atlantic, not 
far from Woods Hole Site D Their 
wave number spectra suggest that the 
tide there is almost all baroclinic and, 
at the nearshore part of the array, 
propagates towards the shore from 
that region where the slope of the 
characteristics of the internal wave 
equation \Sandstrom, 1969( is local- 
ly equal to the bottom slope The 
slope of the bottom at the nearshore 
part of the array is not fa* from that 
of a characteristic, and the enhance- 
ment, expected under such circum- 
stances [Wunsch, 1 967 1, of tidal 
currents towards the bottom is ob- 
served. From the observed wave- 
length (about 12 km) of the internal 
tides, Wunsch and Hendry (1972) 
are able to estimate the vertical mode 
number (2) and can thus compute 
the energy flux shoreward away from 
the presumed n-gion of generation 
(where bottom and characteristic 
slopes coincide). They obtain 2.2 X 
lO’ erg/cm sec, a result that, when 
extrapolated at face value to the 
length (3 X lO’ cm) of oceanic 
coastline and multiplied by 2 to al- 
low for both seaward and shoreward 
radiation, gives more than lO” 
erg/sec for the rate at which tidal en- 
ergy is scattered into internal tides at 
the world’s continental shelves. 

Tidal Admittance, Tidal Q, 
and Tidal Resonance 

Estimates of the amount of ener- 
gy stored in the tide and of the distri- 
bution over the oceans of that energy 
have been more difficult to construct 
than traditional estimates of dissipa- 
tion, which require primarily near 
coastal observations or astronomical 
observations. The closely related 
problem of estimating the resonant 
frequencies and Q factors of oceanic 
normal modes from the observed re- 
sponse of the ocean to forcing at var- 
ious tidal frequencies has only re- 
cently received attention 

In determining the resonant fre- 
quencies of the solid earth, seismolo- 
gists have the advantage of very 
broad-band forcing functions, i.e., 
earthquakes. But earthquakes are 
(perhaps fortunately) not sufficiently 
rich in energy at near tidal periods to 


make analogous studies of ocean nor- 
mal modes feasible However, tide- 
generating forces arc not entirely 
monochromatic, and it has become 
feasible to study the frequency re- 
sponse of the oceans by looking at 
the variation of ocean admittance 
across diurnal and semidiurnal tidal 
bands. 

Because of the nonlinearity of the 
orbital equations of motion, the 
fundamental astronomical frequen- 
cies 

~ 2ff/(period, 27.3 
days, of lunar 
declination) 

o) j = 2;r/(period, 365.24 
days, of solar decli- 
nation) 

t** 3 = 27T/( period, 8.K5 
years, of lunar 
perigee) 

t*) 4 ~ 2rr /(period, 18 61 
years, of lunar 
node) 

CO 5 = 277/( period, 20,940 
years, of peri- 
helion) 

Wo = 2Jt/(one solar day) 

co^. = 27r/(one lun,ir day) 


appear as sum and difference fre- 
quencies 
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.V = 0, 1 , 2 

in the harmonic representation 

y 

. Cj c.ss (Oit y ,9<|) + 0/) 

of the long period iS = 0), the diur- 
nal (S = 1), or the semidiurnal (S = 2) 
tide-generating potential (at time t, 
longitude <p, the potential at Green- 
wich when t = 0 has the value C'l cos 
{Of)). The tide-generating forces thus 
contain energy in Irequeiicy bands ol 
width ~ 0.3 cpd centered about 0, I , 
and 2 cpd I Ins analysis is Iroiii 
Doodsen (1921), a succiiicl review 
has been given by I'latsman ( 1971 | 

Munk and Cartwr.ght (1966) 
were the first to examine (he varia 
tion of mid-ocean (Hawaii) tidal 
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admittance across these bands. They 
found little systematic variation 
across the bands, but they did note 
that the magnitude and frequency 
variation of adn'’'.iance for tides hav- 
ing second-order spherical harmonic 
spatial variation of the force-produc- 
ing potential were different than 
those for tides whose potential has 
third-order spherical harmonic spatial 
variation. (The latter admittances, 
however, were determined only with- 
in very wide error bars.) This means 
that the coupling between a second- 
order potential d >2 and Pacific nor- 
mal modes may be quite different 
from that between a third-order 
potential <b 3 and those same normal 
modes. 

More recent studies ot the fre- 
quency dependence of the admit- 
tance have been conducted by Gar- 
rett and Munk 1I97I| and by 
Wunsch 11972). Garrett and Munk 
[1971] discuss their work in terms 
of the ‘age of the tide.’ .Solar and 
lunar tides reinforce when sun, 
moon, and earth are colinear (spring 
tides) but oppose when these three 
bodies form a right triangle (neap 
tides). In the Fourier analysis of 
tide-generating forces, spring and 
neap tides appear as the ‘beat’ be- 
tween lunar semidiurnal (M2) and 
solar semidiurnal (S2) tides, but 
spring tides are generally observed to 
occur a day or two (the ‘age’) after 
full or new moon (when the tide-gen- 
erating forces are greatest). This 
means that the phase of the ocean’s 
response to A/2-forcing is different 
from that of the response to 52-forc- 
ing, an age of one hour corresponds 
to a difference in phase lag of 
1.016°. 

If one suppo.scs that a single ocean 
normal mode ,s being excited by 
tide-generating forces and that its re- 
sponse is that of a simple harmonic 
oscillator 

constant 

4e'0 = 

-icj/il2Q 

then observations of Aei^ at several 
frequencies CO allow one to draw con- 
clusions about the resonant frequen- 
cy <jjf( and the Q of the mode. Gar- 
rett and Munk [1971] note that 
Q > (co/j/2) dO/du), and they esti- 
mate d6ld(jj from the global distribu- 
tion of the maximum age to find 


roughly Q > 2S for the world’s 
oceans Excitation of many modes 
appears unlikely to modify their re- 
sult. 

Wunsch [1972] has examined 
Bermuda tide gauge data, reanalyzing 
a particularly favorable portion of 
the record to resolve as many lines as 
possible. He found the semidiurnal 
admittance growing by 400V7 (to- 
wards lower frequencies) acro.ss the 
semidiurnal band with a concomitant 
phase shift of over 120°. Similar 
behavior occurs in the Azores. This 
strongly suggests that the North 
Atlantic is in fact resonant at a peri- 
od not too much longer than 12 
hours, Wunsch [1972] combines 
diurnal, semidiurnal, and (one) ter- 
diurnal admittances to estimate the 
shape of the admittance curve. That 
estimated curve shows peaks at .16.6, 
14.8, and 9.3 hours, the evident reso- 
nance at 14 8 hours has, from its half 
power width Aui a Q given by 
Cl)/j /2kw as (7 > 5. 

In view of the difference in >t>j- 
ocean and d> 3 -ocean coupling found 
by Munk and Cartwright ( 1966] , we 
may wonder about the effect of the 
difference in coupling between the 
ocean and the diurnal, semidiurnal, 
and terdiurnal tide-generating poten- 
tials (whose spatial dependence is 
quite different) on the shape of this 
admittance curve. But the suggestion 
of a resonance just below the semi- 
diurnal band is compelling, especially 
in view of Platzman's [ 19726] recent 
theoretical estimate of North Atlan- 
tic resonant periods of 21.2, 14.0, 
and 1 1 .5 hours. 

Both the Garrett and Munk 
[1971] and the Wunsch [1972] esti- 
mates of Q are lower bounds and 
they are not in direct conflict; but it 
is puzzling that the North Atlantic, 
which in Miller's [1966] estimate is 
relatively dissipationless, should have 
such a low Q relative to the global 
ocean. 

Simultaneously, Hendershott 
[1972] estimated the energy stored 
in the global 1/2 tide as 7 X 10^^ 
ergs by a direct numerical integration 
of Laplace’s tiual equations Ills Q 
for M2 was thus 14. Similar estimates 
from other numerical tidal models 
would he useful. 

Historical estimates [Hendershott 
and Munk, 1970] of the Q of ocean 
tides as of the order of two or three 


thus require upward revision. It is 
certain that studies of the admittance 
curve in various paits of the world 
will now be vigoioiisly pursued Gar 
rett [1972] has applied the method 
to the tides ot the Bay of ITindy 
with results that are of engineering as 
well as of scientific importance 

Earth Tides and Ocean Tides 

Students of solid-earth tides have 
long been aware of the importance ot 
ocean effects in the interpretation of 
their observations, but the reverse is 
not true. Of the various large-scale 
tidal models summarized in 1 able 1 , 
only those of Gohin [1961], Munk 
et al. [1970], Cartwright [1971], 
and Hendcrstiott [1972] acknowl- 
edge the solid earth to be other than 
rigid. In these models, the yielding of 
the solid earth to the direct action ot 
the astronomical tide-geneiating 
forces IS introduced in Love number 
approximation, but the yield of the 
solid earth to the weight of the over- 
lying ocean tidal column is neglected. 

Hendershott [1972] points out 
that the full tide-generating potential 
I IS of trie form 

1 = ( 1 -r kj)t/j +Z( 1 + *-n’) 
n 

(3g/2n + l)(PH/Pe)fon 

while the geocentric solid-earth tide 
6 :s 

6 ^h^UjIg+'Zl'n' 

n 

• [l/(2ri +1)] (PH./Pe)f0n 

in which t/j is the (dominantly sec- 
ond-order spherical harmonic) astro- 
nomical tide-generating potential, p^. 
ariil P(. are the mean densities of 
ocean and solid earth, h„, k^, h„ , 
k„’ are the Love numbers defined by 
Munk and MacDonald [l'*60| g is 
the acceleration of gravity, and is 
the nth spherical harmonic compo- 
nent ot the observed (relative to the 
deforming ocean l1oor) ocean tide 
fo I he models of Gohin ||96l|, 
Munk et al ] 1970], and Cartwright 
[19711 noted above disregard the 
terms in these expressions for I 
and f> . Using these expressions, Hen- 
dershott [|972] rewrites Laplace’s 
tidal equations as a set of integro- 
differential equations in which all 
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driving terms appear in the single 
combination 

(1 +A.-J -hj)t/j/g 

-51(1 (3/(2n+ 1)1 
n 

• (Pw/Pe)?0n 

The size of the second term in this 
expression relative to the first is one 
measure of the importance of ocean 
self-attraction and of solid-earth 
yielding to the weight of the oceanic 
tidal column relative to that of forces 
derived directly from the astronomi- 
cal potential U 2 after solid-earth 
yielding to those forces has been con- 
sidered. Using Hendershott's [1972] 
estimate of fo for the global M2 
ocean tide, Farrell 1 1972a] has 
evaluated the second term by convo- 
lution of with Green functions 
derived for realistic solid-earth mod- 
els \ Farrell, 1972*]. The result 
(Figure 2) is startling, the two terms 
are of equal orders of magnitude. 
Although the detailed shape of this 


field is influenced by the estimate of 
f(j, which is not free of errors, it is 
nevertheless clear that the heretofore 
neglected ocean-loading and ocean- 
self-attraction effects must be re- 
tained in models of ocean tides aspir- 
ing to more than qualitative 
accuracy. Hendershoti (1972) has 
discussed the way in which oci.an 
tide models must consequently be 
modified but notes that there are 
♦echnical difficulties in the way of 
solving the resulting equations. 

Farrell [1972c I has also used the 
same to estimate the effect of 
ocean loading on gravity tides in the 
continental United States. The 
ocean-loading correction thus derived 
reduces the discrepancy between the 
theoretical gravity tide and the ob- 
served gravity tide by well over 50%. 
It is thus clear that precision earth 
tide measurements carry with them 
much information about the tides of 
the ocean. In principle, this informa- 
tion could be extracted in an optimal 


manner by solving an inverse prob- 
lem for ocean tides using earth tides 
as observables, but this is a develop- 
ment for *he future. 

Global Numerical Models 
of Ocean Tides 

One of the striking things about 
the ensemble of numerical global 
tidal models discussed in the litera- 
ture is the evident nearness of the 
semidiurnal tide to resonance at 
many places. Thus f'ekcns and Accad 
11969], in refining their pioneering 
dissipationless global model of the 
Ml tide by changing the coastlines 
slightly or by refining the finite dif- 
ference mesh from 2° to 1°, some- 
times found amplitude changes as 
great as three meters. Similar effects 
are noticeable in other models (see 
discussion below). 

Phis proximity to semidiurnal res- 
onance should not he surprising m 
view of the rich spectrum ol tree 
oscillations possible in even a regular 


TABLE 1. Summary of Large-Scale Tidal Models 


Investigator 

Type of Model 

Boundary Condition 

Dissipation 

Earth Tide 

/ahe! |1970| 

M2 tide for globe 

Impermeable coast 

Bottom stress in 
shallow water 

None 

Pekeris and Accad j 1 969 ] 

M2 tide for globe 

Impermeable coast 

Linearized artificial 
bottom stress in 
shallow water 

None 

HendershntI [1972] 

M2 tide for globe 

Coastal elevation 
specified 

Al coast only 

See tj5 

Bogdanov and 
Magarik (1967) 

M2, S2 tides for globe 

Coastal elevation 
specified 

Al coast only 

None 

Vrnn el al. 
[1967] 

Af2,S2,A.'l,01 tides 
for globe 

Coastal elevation 
specified where data 
exist, otherwise 
impermeable coast 

Al coast only 

None 

Oohin [1961] 

M2 tide for Atlantic, 
Indian oceans 

Coastal impedance 
specified 

Al coast only 

Yielding to 
asl ronomical 
force only 

Platzman jl972fl,6] 

Normal modes of major 
basins, esp Atlantic 

\diabatic boundaries 

7 .C 10 

— 

Munk el at 
(1970) 

Normal mode representation 
of California coastal tides 

Impermeable coast 

Zero, although energy 
fiux parallel to eoasi 
may relied dissipalion 
up coast 

Yielding lo 
astronomical 
lou-e only 

Cartwright 11971] 

0-plane represem'stion 
fur S. Atlantic tides 

Is'and values 
specifieJ 

Zero, although energy 
Ilux may relied 
distant dissipation 

Yielding lo 
astronomical 
lorce only 
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Fig. 2. Carnage lines (cm) of the si If potential of ocean tides plus the potential due to the earth ‘s deformation with 
the height of the tidal column (after Farrell ( 1972c) ). Numbers on margins are amplitude of astronomical potential 
plus potential due to yield of solid < arth to astronomical force. All potentials divided by g. 


flat-bottom ocean of global extent 
(i.e., l.onguet-lliggins and Fond 
1 1970] ), In this case we may expect 
(a) inertia-gravity waves modified by 
rotation and sphericity with free 
periods of the order of one day or 
shorter, (b) planetary or Rossby 
waves with free periods of the order 
of 3 or 4 days or longer, (c) standing 
Kelvin waves with periods of the 
order of one day or less \Hender- 
shott and Munk, 1970]. Variable 
bottom relief introduces additional 
free oscillations. 

The various global numerical mod- 
els differ from one another primarily 
in their inclusion of dissipation, their 
treatment of coastal boundary condi- 
tions, and their inclusion of the ef- 
fects of solid-earth tides. Some 
modelers attempt to include bot- 
tom-drag dissipation directly and 
require the coasts to be impermeable, 
while others allow power to flow out 
of their computational boundaries, 
thus parameterizing the dissipation as 
a near coastal process. The pros and 
cons of such procedures have been 
discussed by Hendershott and Munk 
119701. The numerical models to- 
gether with several other large-scale 
models of various sorts are sum- 
marized in Table 1. I want to com- 


pare here the results of the various 
models over the globe. In what fol- 
lows, I refer to semidiurnal models 
only, although diurnal calculations 
have also been made in some cases. 

The various models are in rather 
good qualitative agreement in the 
North Atlantic (Figure 3). The cen- 
tral Atlantic amphidrome appears 
east of Nova Scotia and south and 
slightly east of the tip of Greenland 
but with some variation in its posi- 
tion. Platzman's [1972hl 14-hour 
normal mode displays a similar 
amphidrome. Th;re is an amphi- 
drome between Iceland and the 
Faroe Islands, in accordance with the 
empirical maps of Dietrich (1944| 
and Villain (1952). 

In the South Atlantic the empiri- 
cal tidal maps show a uniform north- 
ward progression of crests on the 
basis of coastal data plus island 
observations at Ascension Island, 
Trinidad, St. Helena, Tristan, and 
South Georgia. The numerical maps 
of everyone except Hendershott 
show an amphidrome in this region. 
Fekeris and Accad |1969| were the 
first to take this feature seriously and 
to suggest that it was realistic. Cart- 
wright 1 1971] repeated tidal mea- 
surements at St. Helena and analyzed 


new data for Tristan in a study in- 
tended to confirm or deny the exis- 
tence of this amphidrome. He 
attempted various reconstructions of 
the elevation field in this region, 
both by linear interpolation and by 
fitting the island observations to free 
solution of the (i-plane version of La- 
place's tidal equations with no coast- 
al boundary conditions. His linear in- 
terpolation gives a result very similar 
to that of Fekeris and Accad [ 1969] , 
his dynamical interpolations move 
the amphidrome closer to the coast 
of South America. 

We may scarcely expect any of 
these models to be entirely faithful 
to reality in this region because none 
really takes the coastal boundary 
conditions into proper account. Cart- 
wright's 11971 1 dynamical interpola- 
tion is for an unbounded ocean, and 
although the numerical models aim 
at proper treatment of the coasts, all 
are demonstrably very inadequate 
along the I’atagonian shelf, and hence 
all probably do not dissipate the 
proper amount of energy there. 
Nevertheless, the totality of all calcu- 
lations together with Cartwright's 
1 1971 1 work suggests that the South 
Atlantic semidiurnal amphidrome is 
real. If so, it will be the first such 
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Fig. 3. Atlantic results of global numerical solutions of Laplace's tidal equations for the M2 tide by (left to right, top 
to bottom) Bogdanov and Magarik /I967/, Hendershott (19721, Zahel (19701, Pekeris and Accad (1.9691,- 
frictionless, 2° mesh, Dietrich ( 1944( ,-on e-.ipirical map rather than a numerical solution, redrawn by Villain 
( 1 962( , Pekeris and Accad ( 1969) ,-aissipative, 1 mesh. 


feature discovered by the numerical 
tidalists. 

Islands in the Indian Ocean are suf- 
ficiently frequent and evenly distribu- 
ted that a rather good empirical map 
may be constructed (Figure 4). The 
salient feature of such a map is a very 
large region in the south central In- 
dian Ocean within which the sea sur- 
face moves nearly synchronously. 
Every numerical map produces such 


an ‘antiamphidrome.’ The computa- 
tions of Feiterii and .4 read (1969) and 
Hendershott 1 1972) suggest that this 
region is nearly resonant at semidiur- 
nal periods. Hendershott (unpub- 
lished) finds that by varying the 
mean depth by several hundred 
meters, computed M2 amplitudes 
may be changed by a multiplicative 
factor of 2 or 3. A very realistic pre- 
diction of Indian Ocean island semi- 
diurnal tides may be made by proper 


empirical choice of the mean depth. 

In the Pacific, the various numeri- 
cal and normal mode models show 
the greatest divergence from one 
another and from Pacific island ob- 
servations (Figure 5). This is perhaps 
not surprising in view of the size of 
this basin and the consequent dimi- 
nution of the direct influence of 
coastal boundary conditions on mid- 
basin tides. 

The empirical cotidal maps show a 
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number of amphidromes in the Pacif- 
ic, including one in the northeast 
Pacific off the northwestern coast of 
North Amenca, one in the central 
Pacific just south of the equator, and 
various others. Cotidal lines bunch 
together in the Bonin-Mariana Is- 
lands, in this region amplitudes are 
small, and phases shift abruptly along 
a line running roughly north-south 
between Japan and New Guinea. 

The various numerical maps either 
resolve this last region into two or 
three amphidromes [Hendershort, 
\')12\l’ekeris and Accad, 1969) with 
realistically low amplitudes, or they 
fail entirely to be realistic [Pekvris 
and Accad. \^b9.Zahet, \910, Bog- 
danov and Magank, 1967). Hender- 
shott (unpublished) has found that 
small variations in imposed boundary 
values may make the computed tides 
in this region very realistic. 

To the east, at roughly 150°F., 
10°N, island observations suggest a 
broad amplitude maximum in the 
center of a large region that rises and 
falls nearly in synchrony, an anti- 
amphidrome as in the Indian Ocean. 
The computations of Bogdanov and 
Magarik [ 1967) , Zahel [ 1970) , and 
Pekeris and A ccad \ 1 969 ) show such 
a region, although computed ampli- 
tudes vary widely. 

Near the California coast, the 
computations diverge radically The 
computations of Pckens and Accad 
11969) result m the wrong sense of 
propagation of semidiurnal tides 
along the California coast. The other 
models show the proper sense of 
crest propagation but difft* marked- 
ly in where they locate the northeast 
Pacific aniphidronie. All are signif- 
icantly different from the coastal 
model of Munk et at. \ 1970) , which 
has been checked by subsequent ob- 
servation and which is probably the 
best description of tides between the 
California coast and Hawaii. 

The southeast Pacific is. tidally 
speaking, unknown territory. The 
only station between South America 
and Polynesia is Paster Island, and 
the Antarctic coast in this <|iiadrant 
of the globe has no station. I he em- 
pirical cotidal charts suggest a clock 
wise amphidrome at 120 VV, 40 S, 
and every numerical chart except 
that of Bogdanov and Magank 
(1967) produces an amphidrome of 


that sense in this region (even the 
map of Bogdanov and Magank 
(1967) shows a near confluence of 
cotidal lines and an amplitude mini- 
mum there). 

With and without expheit dissipa- 
tion the global models are disturbing- 
ly sensitive to small perturbations: 
the South Atlantic amphidrome 
comes and goes, Indian Ocean ampli- 
tudes fluctuate by factors of 2 or 3, 
Pacific amphidromes move about, 
now nearly coalescing and now rotat- 
ing in the wrong direction. In toto, 
these models suggest that such small- 
scale features as (I) the continental 
shelf-deep sea transition and (2) is- 
land scattering or diffraction must be 
got right in advance of the global 
solution. 

( I ) The California coastal solution 
of Munkel at. | 1970) would require 
an extremely fine mesh spacing for 
tolerable reproduction of the veloc- 
ity field by finite difference meth- 
ods. It is much more natural to use 
this local normal mode description to 
generate proper deep sea boundary 
conditions for a global model. (2) 
The smoothing of bottom rehef re- 
quired for even the finest finite dif- 
ference model completely obliterates 
such features as the Hawaiian island 
arc, yet semidiurnal tides on the 
southwestern side of these islands lag 
over 40° behind those on the north- 
eastern side (Larsen, private com- 
munication). Neglect of the effect of 
this arc is probably a major reason 
for the poor quality of the numerical 
solutions in the northeast Pacific. 

Closing Remarks 

The foregoing omits much of 
interest. Certain implications [Munk, 
1968) of tidal dissipation for the 
history of the earth may become 
accessible to further study as tidal 
models and geological reconstruc- 
tions of ancient oceans mature. Satel- 
lite studies of tides, both by orbit 
perturbations (giving lowet order 
spherical harmonics of te.restrial 
tides) and by direct satellite altim- 
etry (giving quasi point measure- 
ments) will become increasingly 
important. I.arth tide studies will 
provide areal means of ocean tides 
that are free of any local distortion 
resulting from shallow water effects. 
Long-period tides, whose low ampli- 


tude has masked their nonequilibri- 
um nature until recently [Wunsch, 
1967), may now become accessible 
to study via earth tide measurement 
as the already remarkable precision 
of these measurements increases. 

Perhaps the most striking thing 
about the present study of ocean 
tides is the fresh impetus for their 
better understanding which is now 
coming from other branches of geo- 
physics. The subject is still develop- 
uig rapidly. 
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Soliil-Earili and Ocean Tides 

REPORT ON THE FIRST GEOP 
RESEARCH CONFERENCE 


The Gcodcsy/Solid-liarIh and (Kean 
Physics IGKOP) Research Contetences 
were estahlished lo stimulate interdiscipli- 
nary research in the fields of geodesy, 
solid-earth and ocean physics svithin uni- 
versities. research foundations, industrial 
and governmental organi/alions. This aim 
IS lo be achieved by an informal type ol 
meeting consisting of invited sivakers and 
a discussion panel supplemented by a 
small number of contributing s[KMkeis, 
when sulficient lime is available, lo sliniu- 
lalc discussion among the members. Ibis 
type of meeting is thought lo be a valii.ibic 
means of disseminating inlormalioii and 
ideas lo an extent that could noi be 
achieved through the usual channels ol 
pubhcalron and presentation at scienlilic 
meetings. 

Meetings arc held at regular intervals 
(every three months) during a two-day 
period, generally at The Ohio Stale llni- 
versity. The morning of the first day is 
generally reserved for a tutorial lecture 
presented by an eminent scientist. 

The primary purpose of the program is 
lo bring an interdisciplinary group of ex- 
perts up lo date on the latest develop- 
ments in a specific area, lo analyze the 
significance of these developments, lo 
provoke suggestions concerning the under- 
lying theories and profitable methods of 
approach for scientific research, and to ac- 
cx'lcrale the development of new skills 
necessary for applying the newer technolo- 
gies to an efficient attack on critical prob- 
lems. The secondary purpose of the pro- 
gram is to interest and involve talented 
graduate students in the critical problems 
of geodesy/solid-earlh and ocean physics. 
Further details on the purpose and admin- 
istration of the conferences may be found 
in the April 1972 issue of E©S. 

This report concerns the First GFOP 
Research Conference, which was attended 
by about 100 persons- 60% invited and 
40% observers. (The Second Conference 
on ‘Earth Rotation and Polar Motion’ will 
be held on F'ebruary S 9, 1973. See an- 
nouncement on page 103 in this issue.) 

The conference was ojicned by Hyman 
Orlin (NOS/NOAA) on behalf of the 
Steering Commillee of the (il'.OP Re- 
search Conferences. President Harold 1.. 


This report was prepared by J.C. Marri 
son, MyrI C Hendersholl, John T Kuo, 
Ivan I. Mueller, and Bernard D. Zeller. 
Material contained herein should not be 
cited 


I narson welcomed the paiiicipanis on 
liehalf of The Ohio Stale I'niversily, fol- 
lowed by MyrI C. Hendershoit (CCSD), 
who delivered the keynote address. He 
mentioned that the progress in the uiidei- 
standing of ocean tides since Ihc field was 
reviewed two years ago (M.C. Hendeislioll 
and W H. Munk, Annual Hi-vicw l-'luiJ 
Mechanics, 2, 205 224, 1970) has con 
firmed that the siibieci is rapidly develop 
mg His review largely picked u|i where the 
other review left olf, the two together arc 
intended lo provde a modern view ol our 
stale ol iindersiaiiding ol tides The key- 
note address in ils entirety is pruned on 
page 76 of this issue 

First Ses-sion 

Panel on Perturbations Harth Tides 
Ocean Tides 

Chairman John T. Kuo ((’olunibia) 

Members: G.H. Cabaniss (AI-CRL), W l . 
Farrell (CIRF^S), R.C. Jachens (Lamont- 
Doherty), A l.aniherl (l)epl of I iiergy. 
Mines and Resources, Canada), G W 
Lennon (Institute ol Coastal Oceanog- 
raphy and Tides. I ngland), P Melchior 
(Observatoire Royal de Belgique), and 
L.B Slichler (UCLA). 

In his introductory remarks Kuo 
pointed out that during the last decades 
great strides have been made in one of the 
classic areas of geodynamics, i.e., tides, 
both solid-earth and ocean. Many investi- 
gators now realize that neither the piob- 
km of solid-earih tides nor that of ocean 
tides can be solved independently The 
conventional concept of applying ocean 
tidal corrections on solid-earth tidal mea- 
surements no longer holds its proper place, 
since ocean tides in the open oceans are 
either inferred or theoretically calculated 
and involve a considerable degree of uncer- 
tainty. Ocean tides in the open oceans cal- 
culated directly from Laplace's original 
tidal equations are no longer adequate 
without considering the elastic yielding ol 
the earth due to the tidal and loading de- 
formallon I he interdependency ol the 
problems of the solid-earth and ocean 
tides thus cast a new Itonliet in geo- 
dynamlcs He continued a general review 
of the sialic and dynamic iheoiv of solid- 
earth tides and the present status ol exper- 
imental results obtained from worldwide 
gravity, till, and strain measurements 
In 1951 Takeuchi. showed that the 


equations for the defotiiialion ol the earth 
due lo sutlasv loads sail be derived in a 
inaiinet similar lo that usi'd in the Iheoiy 
ol earth tides I urlher Iheoielual work by 
Slichler ( apiilo, and ollicis has Iven 
directed Uiward the problem ol delermina 
lion ol Ihe deloriiialion ol llie r.nlli undei 
the surlace load ol an aibili.iiy su|H'iIiu,iI 
mass dislribiilion. Using llie loriiiulalion 
lor Iree oscillalioiis ol llie e.iitli given by 
Pekeris, Jarosch, and Alleiin.iii. I.ikeiiclii 
and Longman ealcul.ileil llie lo.iding deloi- 
m.ilion coelficienis, )i„'. k„'. /„', which 
correspond lo Ihe tidal dcloi iii.ilion cikI 
licienis ol Ihe earlh. /i„, H„, ,nid /„ lot Ihc 
(iuienberg Bullen earlh model 1 ongiiiaii 
has provided by lar Ihe most loiiqilele 
numerical results for the piobleiii ol the 
surlace deformation and the perlurbation 
in the superfiual gravity field ol the 
Gulentierg Bullen earth model subject lo 
an idealized unil surlace mass load In Ihe 
range of less than 30". however, Longman 
was lorced lo resort lo cxliapidalion lot 
realistic values ol his paiamelers in the 
conliniious surlaie density disltibiilion 
Farrell has now exieiided Ihe work ol 
Longman. In discussing ‘ iilal Loading on 
a Spherical Faith.' Farrell noted that he 
succeeded in overcoming the problems ol 
convergeiic-e for the earth's loading delot- 
malion close lo a conceni rated unit load 
(including the angular dlsl.ince of less than 
30°) He used Ihe Green lunclioii lot a 
disc-shaped load, taking the liniil lo allow 
Ihe vanishing ot disc radius Ihe unit mass 
distributed uiiilorinly across Ihc disc was 
expanded in a Legendre senes, which in 
turn was liansformed ihrough Krummer 
and Fuler’s translotmalion lo s|K‘ed up Ihe 
'convergence.' Ills lormulation alleviates a 
great deal of difficulty in calculating global 
ocx'an-lidal corrections. The value calcu- 
lated lor n was as large as 10,000, com- 
pared with that of 40 calculated by Long- 
man and that of 200 calculated by Perlsev 
of the IISSR lot determining the global 
,M.j ocean-iidal corrections 

l.ennon, in his discussion on the 
‘Regional Petiurbalions ol I arih I ides,’ 
pointed out that present ex|ierimenlal re- 
sults show anomalous iK'rlurbalions 
amounting to i40% in north-south till, 
i|5% III east-west nil, and i H's in giavily 
A study ol the currently used insirunienta 
liun falls to provide an explanation and 
suggests that i4%, should be achieved with 
little effort and • I" achieved with care 
The systematic differential performance ol 
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north-south and east-west tilttneters is in- 
teresting. This, together with the magni- 
tude of the above anomalies, suggests that 
local geology, combined with installation 
ddTiculties (particularly the use of mines 
and other underground vaults that repre- 
sent discontinuities in the earth’s crust), 
must have a greater influence than has pre- 
viously been realized Lennon recom- 
mended controlled experiments for the 
examination of the coherency of the 
solid-tidal signal on a variety of scales and 
the interaction of theoretical models and 
experimental exercises in the study of the 
effects of close-range marine tides :n an 
attempt to understand near-range struc- 
ture. 

One of the major contributions in sur- 
face tilt measurements should be accred- 
ited to the actiieveinenls of ‘Borehole Mea- 
surements’ reported by Cabaniss. Since the 
birth of the Askania-Graf borehole tilt- 
meter, I. Simon has developed the Arthur 
I). Little homhole tillmeter, a new instru- 
ment to investigate crustal tilt trom the 
surface, (’abaniss reported that 85 days of 
tidal data, taken in 1972 and digitized to a 
piecision of about 5%, were obtained from 
a biaxial borehole tiltmeter cluster of 
three in Bedford, Massachusetts. The in- 
struments wcic installed in water-lilled. 
uncased holes, 20 meters deep (the 
Askania borehole tiltmeie' must be in- 
stalled in a cased hole if the water table is 
higher than the depth of the hole). The 
data, with gaps ranging from 19? to 
were analyzed for the Afa tidal constituent 
by the least squares method Depending 
upon the interval chosen, the observed 
amplitudes varied by as much as 10''; 
among instruments liecause of uncertain- 
ties in calibration; the observed phases 
varied by a maximum of 3”. With Green’s 
functions (derived by R .K. McConnell, Ji.) 
for a multilayered half-space earth model 
and Tiron’s tidal charts computed to a dis- 
tance of about 1000 km, plus the assump- 
tion that the coastal tidal amplitude distri- 
bution is equal to one-half the mean tidal 
range for given coastal stations, the com- 
puted load lor the east-west component 
contributed about 609?’ of the total ampli- 
tude. The sum of the computed body tide 
and load tide agrees with the observed to 
belter than lO'.'f , and the phase difference 
IS reduced from 1 2' to about 5° 

Lambert mentioned that, as Lennon 
had already pointed out, the interpreta- 
tion of tidal till observations due to ocean 
loading is still a very difficult problem. 
However, if we take the perturbation of 
oc'Can tides alone on the earth tide, wc i.m 
lake advantage ol the lilt Green's lunclion 
for an average continental and an average 
oceanic sirucluie overlying a (iulenberg- 
Hiillen nucleus as developed by I artell to 
calculate the load till I he beauty is ihal 
we may adopt any arbitrary crust and up- 
(ler-manlle slnuliirc m the lop 200 km by 
recompulmg the near field nil ^ireen's 
function. Regional Green’s functions can 
then be convolved with the colidal charts 
for ocean tides by using Bower's (unpub- 
lished) polygon technique. Regional 


Green's functions can be obtained, for in- 
stance, by 

1. Karrell’s approach, when one can 
recompute the higher order Love numbers 
by numerical integration of the equations 
of motion for a layered, sohencal earth. 

2. Kuo's Thompson-Haskell matrix 
approach, when one can compute a point 
load response of a layered, either nongravi- 
tating oi gravitating, half-space. 

3. Finite elements technique as done 
by Jachens, Beaumont, and Lambert, 
when one can compute a point-load re- 
sponse of regional nongravilating struc- 
tures. if necessary, these structures can be 
laterally inhomogeneous. 

Despite the observational uncertainties 
that concerned Lennon, Lambert fell Ihal 
useful results may emerge from lilt obser- 
vations in areas where the ocean-tide load- 
mg is large In Nova Scotia till measure- 
ments of the Af, tidal constituent were 
taken at Rawdon near the Bay of I undy. 
Beaumont and Lambert found that the ob- 
served tills appear to agree with the load- 
ing of a laterally h*>mogeneous elastic 
model consistent with the previous seismic 
refraction results for the area. 

It is now realized that the greatest un- 
c-ettainly in tidal loading corrections, even 
where local loads arc Urge and well 
known, arises from the incomplete knowl- 
edge of the ocean tides both on the conti- 
nental shelf and in the open ocean. 

Jachens noted that the problem of the 
influence of geological structure on the 
earth tide remains a challenge As far as it 
is known from theoretical and experimen- 
tal results, the mnuence of regional geo- 
logical differences on earth tides is very 
small. Experimentally, such a small influ- 
ence IS probably masked by experimental 
uncertainties, local site effects and residual 
ocean-tidal effects after applying ocean 
tidal correction with the poor ocean-tidal 
information. By carefully examining the 
results of the spatial variations of the Oi 
earlh-iidal constituent along the Lamont- 
Doherty’s Irans-fJ S tidal giavily protile, 
he found Ihal after correcting for a small 
ocean tidal perturbation on the constitu- 
ent. the O, tidal gravity residuals dis- 
played no strong systematic anomalies in 
excess of the experimental uncctlainlies of 
about 1.5% in .impliludc and of l“ in 
phase from the eastern coasr. through the 
interior plams. Rocky Mountains, Sierra 
Nevada, to the west coast. However, there 
IS a slight systematic phase residual of 
about 0.5'’ lead found at stations in the 
Rocky Mountains and the Basin and 
Range Province and a slight positive gravi- 
metric factor residual found near the ex- 
treme western end of the profile 'Ihese 
features are again possibly a result of inac- 
curate ocean-tidal corrcc lions 

Slichter reported that, under very 


severe physical rxinditions, tlie UCLA 
group made gravity-tide observationi at 
the south pole and provided a preciae 
value for the gravimetnc factor for the 
fortnightly tide, 1.149 i 0.004. Correction 
for equdibrium ocean tides would mcreaie 
this number by 0.6%. Slichter also re- 
ported that these observations show tfiat 
the time lag in the measured tide is small, 
possibly between 0.00 and 0.34 hours, if 
so, he estimated that the associated Q val- 
ue of the earth at that tidal period would 
be greater than 20. compared with the Q 
value obtained from the 54-minute free 
oscillation ol the earth about 200-300. 

One of the important contributions 
made by Melchior was to relate the diurnal 
earth tides to the precession-nutation of 
the earth m the astronomical frame of ref- 
erence. Melchior showed astonishing re- 
sults ol the agreement of the diurnal lilts 
ihroiighoul the world with the Moloden- 
sky’s Model I, which lakes into account 
the dynamic effect of the liquid core of 
the earth on earth tides, resulting in a 
diuinal-frec nutation of the earth with a 
period close to a day Because the K% con- 
slilucnl has a Iteqiiency close to the fre- 
quency of the diiirnal-free nutation with a 
period ol about 3 minutes longer than the 
diurnal-free jieriod of Molodensky's F.arth 
Model 1, the A'l constituent is greatly af- 
fected by this resonance. His results are 
given below. 

The first session also included the fol- 
lowing contributed papers. ’Iidal Fre- 
quency Strain Coherent with Gravity, Air 
Pressure and An Temperature,’ i t'.. Fix 
(Teledyne (leotechl, 'Spectrum and Phase 
ol the Tidal Gravity Measurements at the 
South Pole,’ B V Jackson (UCLA), and 'A 
Reconnaissance of Tidal Gravity m South- 
eastern United States,' F. S Robinson (Vu- 
ginia Polytechnic). 

Ill summarizing the session Kuo con- 
cluded that one of the important implica- 
tions from the foregoing 'give and take' 
experience seemed to be that unless the 
problem of ocean tides is solved, further 
progress on the study of solid-earth tides is 
rather limned In solving ocean tides in the 
open oceans, both theoretical and expeti- 
nienlal studies must go hand in hand. The 
ixrlebraled achievement of numerical inte- 
gration of Laplace's tidal equations must 
be ushered into the stage of modifying 
them to include letter friction (Pekeris 
and Accad use a linear law, while Zahel 
uses a square law), dissipation (both in 
deep oceans and shallow waters), and the 
tidal and loading delormation of the solid 
e.irth Fveniually the theory of solid-earth 
and ocean tides must be treated under a 
uriitied system to take into account the 
damping as well as the lateral inhornogene- 
Ity ot the earth as a whole 
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Second Session 

Panel on Instrumentation, Data Acquisi- 
tion and Analysis Marine Tides 

Chairman: J.C. Harrison (Cl RES) 

Members: C. Elachi (JPL), J.H. Filloux 
(Scripps), A. A. Loomis (JPL), A A. 
Nowroozi (Lamont-Doherly), E'.E. 
Snodgrass (UCSD), R L. Snyder (Nova 
L'niv.), M Wimbush (Nova Univ ), and 
B.D. Zeller (UCSD). 

In his general review, Snodgrass briefly 
described the deep sea instrument vehicle 
and stated that the technology for such 
devices is adequate for the measurement 
of diurnal and semidiurnal tides. Advances 
in sohd-state electronics permit the use of 
elaborate electronic recording systems 
Other equipment such as magnetic tape re- 
corders and acoustical recall systems are 
commercially available Water velocity sen- 
sors continue to present the most serious 
problems. Pressure and temperature sen- 
sors appear to be adequate sime the in- 
strumental noise spectra lie well below the 
sr.-a level noise and the sea-floor tempera- 
ture spectra, respectively 

Filloux described his design of a sensi- 
tive optical lever that he incorporated with 
a Bourden tube pressure sensor into a 
free-fall deep-sea tide gauge that has a low 
temperature dependence. The creep in the 
sLX-day record he obtained off theCahfor- 
nia coast was removed, based on the phys- 
ics of Andrade's law for a time-dependent 
plastic strain. He displayed results ob- 
tained with his gauges in intensive studies 
off the Bahamas and later in the Gulf of 
California. He proposed that a digital read- 
out be included in future versions of the 
gauge and estimated that the cost could be 
$7000 or less if produced in large quanti- 
ties. When asked why he estimated a shal- 
low water gauge to be much cheaper 
when, in tact the large temperature 
changes and waves require more sophisti- 
cation, he replied that the cost was higher 
because of the much greater pressure and 
the need for recovery mechanisms, but he 
welcomed the suggestion that temperature 
correction as well as wave filtering are dif- 
ficult problems usually overlooked 

Nowroozi described results from a 
gravimeter, a pressure sensor, and a cur- 
rent meter obtained over a period of 6V» 
years in deep water off the California 
coast. The equipment was part of a much 
larger sensor package connected by cable 
to the shore The currents were separated 
into north and east components for sepa- 
rate analysis, and current ellipses were 
computed from the proc-essed data. The 
gravimeter records were corrected for the 
‘slab’ of water due to the ocean tide Spec- 
tra were shown for the gravity and pres- 
sure records. Tidal constants of the M, 
constituent were compared with eight dif 
ferent cotidal charts for the vicinity of the 
station and the chart of Tiron and others 
is in close agreement with the observa- 
tions, although proof of existence of their 
alleged amphidromic point requires more 
pelagic measurements. 
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Zetler presented a historical review ol 
ocean-tide data analysis, starting with the 
conventional Coast and Geisdetic Survey 
and Doodson methods designed for use 
with desk computers. The advent of large 
electronic computers led Horn to prepare 
a combined least squares solution for all 
required constituents, the inversion of the 
normal equation matrix would have been 
impossible previously The least squares 
solution does not require equal spacing ol 
data, inferencx’ of breaks in records, or 
particular lengths of record (the latter 
were selected classically to minimize side- 
bands from nearby frequencies). I he 
Munk<'artwright response method was 
described. It uses, as input, time series lor 
the gravitational and radialioiial potentials 
as well as complex combinations of these 
to describe nonlinear tides. It also mini- 
mizes the residuals in the least squares 
sense, using a constraint that the response 
for any input series is smooth across nar- 
row frequency bands, such as diurnal and 
semidiurnal tides. It is a complete break 
with previous analysis procedures that 
specify a finite set of tidal frequencies 
Other procedures mentioned were (I) 
■Slichler's use ol a cross-spectrum analysis 
of observed data wi'h a time series derived 
from the gravitational potential to gel 
amplitude from energy calculations and 
phase lags from the phase of maximum 
coherence; (2) Filloux's use of a laylor 
expansion of the tidal admittances to cal 
culate the harmonic constants, (.1) I ran 
co's use ot fast Fourier transform coelfi- 
cients m a narrow tidal hand to calculate 
normal equations leading to harmonic con- 
stants for a required set of tidal Irequeii- 
cies, and (4) Myazaki’s decimated sam- 
pling rale and subsequent analysis fur the 
aliased frequencies of the principal tidal 
constituents 

Elachi discussed coherent radar tech- 
niques and accuracy possibilities m mea- 
suring sea level from satellites He showed 
that by small changes in frequency the re- 
sultant changes m the mcremeni over an 
integral number of cycles could be used to 
produce accuracies up to 10 cm. with rela- 
tive errors even less, for describing sea- 
surface slopes from a single orbit He dis- 
cussed the possible erro's due to the 
ionosphere (reduced by the changes in fre- 
quency) and due to the lack of a good 
model for the atmosphere. A radiometer 
would be used to permit corrections for 
water vapor. 

Comments were made on the Canadian 
shallow water gauge, super resolution of 
tidal lines (separating two frequencies in 
less than a synodic period), the need for 
nonharmonic solutions in extreme shallow- 
water areas (such as the St. Lawreme Riv- 
er), the need for numencal models to al- 
low for meteorological factors, the effect 
of barometric changes on a bottom-sitting 
pressure gauge, the number and areas ol 
pelagic observations to date, the Gl OS-f 
altimeter, the pos.sibility of satellite obser- 
vations replacing pelagic measurements 
(the feeling being that each should com- 
plement the other), and an appeal lor sup- 
port of a satellite oceanographic program 
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designed to include tide observations. 

The session also included the following 
contributed papers 

'Higb Sion Analysis ol lides,’ A K 
Paul (i-J , OAA) The author descritsed 
his methoa (Anharmonic frequency analy- 
sis, Mathemancs of Computation. 2t>. 
Ail 447, April 1972) lor locating uniden 
tilled frequencies m lime series of data 
The accuracy depends on the noise level 
and was quite good for San I rancisco 
tides 

‘A Long-Teim Deep Sea Tide Gauge.’ 
J.B Matthews (Univ. Alaska) The author 
described the sharacteristics of his new 
underwater tide gauge, really an iindei- 
w-aler niultisensor. He called lor an ex- 
change of inlormalion on tide gauge devel- 
opment 

‘Tidal .Studies by Means ol the (il f)S-< 
Satellite,' J W .Siry |GSI(/NASAI I he 
author described the (uilse altiinelei 
planned for the Gl OS-C salel'ile. sched 
uled tor 1974, and a |noposed tidal ex|K‘ti 
nH'iil that could be conducled iii the west 
ern North Atlantic I he lieiglil iinceilainty 
III orbit IS 2 to ineleis iiiider f.ivorable 
circuinstances Satellite observation* fry 
lasers are now esiiinated lo (h- accuialc lo 
one-half meter, and this ineasureiiient will 
Ik reduced in the coming years to about 
10 cm or iKIter It was suggested Irorii ihe 
tloor that considciation should also Ik 
given to the areas of antianiphidroines pro 
posed at the 1 97 1 meeting ol Working 
Group No. 27 on I ides of llie Open Sea ' 

Third .Session 

Panel on Instrumentation, Data Acquisi 
non and Analysis harth Ddes 

('haiiinan J (' Harrison (CIRI.S) 

MemlKrs J Berger (L’CSD). W I Farrell 
(( IRES). R A H.iiibrich (UCSD), J T 
Kuo (Columbial. and I B Sllcliler 
(Uri A) 

Harrison opened the session by com 
mentiiig that llie liming of the conlereiice 
was very appropriate because impori.inl 
advances were taking place in the field "i 
earth tides, both m theory and instruiiien 
talion On the theoretical side, it is now 
possible to calculate the effects of ocean 
loads within o-ir knowledge ol these loads, 
on the instrumental side important ad 
vances are taking place ui gravimetry w-ith 
the development of the cryogenic gravity 
meter, in strain me-suremeni with the ad- 
vent of lavr strain meters, ard m tilt 
instrumentation. Il now appears that 
much ol the variability m the parameters 
of the gravity tide can Ik explained by 
iKean loads In fill and strain, however, 
this did not appeal lo be the cave-, and it is 
important to understand the viuiit ot tl s 
vaiiability. 

Modern tidal giavimelry iKgaii aboiil 
19.$6 with the developiiKiil by ( larksoii 
and l.aCosIc ol serviKd instriiinents lliai 
liav- the advanlages ol avoiding spring 
hysteresis and using the calibrated measiir 
mg screw lo measure gravity I he develop 
riKnt of capacilative beam-position sensors 
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using phase locked amplifiers ss ilh electro- 
static feedback was an important advance 
and allowed conversion of old prospective 
instruments into excellent tidal meters. 
Tidal instruments that measure beam de- 
llcclion require constant calibration be- 
cause their sensitivity depends on leveling 
and because they suffer from phase lags 
due to spring hysteresis. All spring-type in- 
siruinenis drift, but the cryogenic gravity 
meter promises to eliminate this problem. 

The servoed level bubble tiltmeter 
developed by the Hughes Research Labo- 
ratories was described. This instrument 
promises exceptional long-term stability 
and stability of calibration. Tests and cali- 
bration have been performed on a tilt 
table capable of I nanoradtan resolutton 
Two tnstruments of this type ate operating 
alongside each other in the Poorman Mine 
near Boulder, and the agreement between 
them is very encouraging. 

Berger, in discussing strain instrumen- 
tation, said that three types of instruments 
had been used to measure strain: (1) invar 
wires, the earliest length standard used for 
this purpose, were now being employed by 
King in Kngland and others, (2) Ouarti 
tube instruments developed by Benioff 
have been tmproved by Major and used 
quite extensively in the U,S.. and ( 3) Laver 
msttuments have the advantage of being 
extremely stable, having negligible non- 
Iinearities, large dynamic range, wide band 
frequency range and absolute calibration. 
Length changes are measured in wave- 
lengths of light from stabilized lasers and 
the distance between the end piers can be 
measured by standard survey techniques 
within an accuracy of about 1 in 10*. 
meaning tnat calibration is known to this 
accuracy. Two types of installation are in 
operation: surface mounted instruments in 
California that employ 800-meter Michel- 
son interferometers and a 30-metet instru- 
ment in the Poorman Mine in Colorado. 

The strain tides observed in California 
differ significantly from the oceanless, 
elastic earth mode. Ocean-load corrections 
have been made by using the well-known 
ocean tides off California and Green’s 
functions computed by Farrell for several 
earth models The corrections ate of the 
right order of magnitude to account for 
the discrepancy, but their phases in some 
cases are incorrect. Thus, it seems that 
some additional input must be sought to 
explain the differences between computed 
and observed tides. 

Haubrich said that analysis of earth 
tides is generally similar to that ol ocean 
tides as already reviewed by Zetler. The 
response /.(/) of a linear system is output 
y(/) at frequency / divided by input 
X(f) The ditliciillics result from having to 
determine /.(/) from a finite noisy time 
record. The digital I'oiiriet transform may 
l>e used, it is essentially a least stjuarcs fit 
to the frequencies //JV. j = 0. I, . . . A72 
Unfortunately, the tidal frequencies do 
not correspond to the frequencies/VA/ and 
we must either make side band corrections 
or apply the same transform to the input 
function to do either of these rigorously 
requires 
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method of Munk and Cartwnght elimi- 
nates the above problems. 

Morn’s method of least squares fit to 
frequencies avoids these complexities but 
requires choice of a frequency set. 

The response method is a least squares 
fit in the time domain. It should be suc- 
cessful with earth tides because the earth’s 
response should be even smoother than 
that of the ocean. The fits are made to 
time series representing the contributions 
to the theoretical tide from the individual 
spherical harmonic terms (tn earth-fixed 
coordinates) and to these terms lagged tn 
time. Additional series representing the 
radiational function, ambient temperature, 
and pressure variation, together with cor- 
responding lagged series, may also be 
included. 

There was some discussion of gravity 
meter calibration. J.A. Hammond 
(AFCRL) suggested that an improved ver- 
sion of the Fallcr-Hammond free-fall abso- 
lute gravity apparatus be used for tidal 
meter calibration. L.E. Johnson (CIRFS) 
reported on the calibration of a LaCoste 
prospection meter converted to a feedback 
tidal instrument. Calibration was accom- 
plished by tilting and by moving between 
floors of a building on whtch gravity had 
been measured with a calibrated geodetic 
instrument. The two results agreed to 
0.4%, There was discussion of proposed 
calibration of the cryogenic meter by mov- 
ing lead masses beneath it. 

J.H. Suh (Colorado School of Mines), 
reported briefly on the quartz strain 
meters of the Colorado School of Mines. 
The school is now operating 15 strain 
meters in the Denver area. The tidal strain 
study for these strain meters is in progress. 

Contributed papers in this session in- 
cluded the following: 

’The Superconducting Gravimeter,’ 
Richard Warburton (UCSD). Data ob- 
tained by using a superconducting gravim- 
eter for the period of June 6 to August 29, 
1972, were presented. The data clearly 
demonstrate the high signal to noise ratios 
and the long-term stability of such an in- 
strument. Signal to noise ratios of 75 to 
80 db for the diurnal and semidiurnal 
tides, 40 db for the terdiurnal tides, and 
30 db for the fortnightly and monthly 
tides were obtained A strong correlation 
between gravity and daily barometric pres- 
sure was observed in which 0.1 -inch de- 
aease in pressure resulted in a 2.3 ji-gal 
increase in gravity. This is mainly the re- 
sult of variations in the direct gravitational 
attraction between the atmosphere and 
gravimeter and is not an instrumental ef- 
fect 

’Observation of F'arlti Tides Using a 
30-m Laser Strainmeter.' J Levine (NBS). 
The author reported that they installed a 
30-meter laser strainmeter tn the Poorman 
Mine near Boulder, Col irado The instru- 
ment has excellent stability and shows a 
drift of less than 5X10'* A£//. day. They 
used the instrument in an investigation of 
the strain tides and found that the mea- 
sured strain is significantly smaller than 
what would be predicted from a theory 
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which neglects ocean loading. They have 
determined the transfer function of the 
earth by using least squares techniques and 
found that the magnitude of the transfer 
function IS 0.78 and that the phase error is 
a 5° lead for the scrrudiurnal components 
and a 2.5* lead fur the diurnal compo- 
nents. The residuals of the least squares 
technique have a peak-to-peak amplitude 
of the order of ICT* AJ.ll., which is on the 
order of 5% of the tidal amplitude. 

‘Methods for Prediction and FAaluation 
of Tidal Tilt Data from Borehole and Ob- 
servatory Sites Near Active Faults,’ M.D. 
Wood (USGS). The author reported that 
tilt has been measured to in'* radian for 
up to three years at three locations in the 
San Francisco Bay region in California. 
These measurements are part of strain 
measurement and microearthquake pro- 
gram that has the objective of studying the 
mechanics of the earthquake generation 
process. The tilt measurements within this 
network, conducted for approximately 
1000 hours around the occurrence times 
of the largest earthquakes of 1970-1972, 
have shown residual tidal-free difference 
anomaly between two stations accumulat- 
ing to about 8X10’’ radian for events 4.3 
< Af < 5.0 of distaners 25 < d < 150 km. 
Finite element modeling of the response 
of a tilt station neat the fault suggests the 
possibility of using the ocean as a forcing 
function for monitoring the dynamic time 
variations of the (u) of the laull for secu- 
lar fault behavior. 

Fourth Session 

Panel on Peep Sea and Coastal PJes 

CTiairmen: M.C. Hendershott (UCSD) and 
C L Wunsch (MIT) 

Members: W.F.. Farrell (CIRFS), C. Gar- 
rett (Dalhousie Univ.), N. Grijalva (CTC, 
Mexico), H. Mofjeld (AOML/NOAA), R. 
Montgomery (Johns Hopkins), G.W 
Platzman (Univ. Chicago), W Sturges 
(Florida State Univ.), and B. Zetler 
(UCSD). 

The tenor of the discussion was strong- 
ly influenced by the earlier presentation of 
latest results in solid-earth tides, where 
further development simultaneously offers 
ocean tide studies the prospect of remark- 
ably refined observations of oevan effects 
while demanding from ocean tide studies a 
degree of precision that is now beyond the 
reach ol the most detailed global models. 
Indeed, most models of ocean tides fail 
entirely to take into account solid-earth 
tides. A formalism for remedying this de- 
fect was discussed by Hendershott, La- 
place’s tidal equations are extended to an 
inlegro dlfterential form using I arrell's 
gravity and vertical displacement surface 
load Green’s functions for a radially sltali- 
Oed earth Preliminary results were pre- 
sented Although no complete solutions 
including all ol the effects of solid-earth 
yielding ate yet available, the importance 
of these effects for ocean tide models that 
aspire to better than quahtative accuracy 
was evident Kuo briefly reported a some- 
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what similar correction for solid-earth 
yielding of a solution by Pekeris with en- 
couraging results. 

From the point of view of ocean tides, 
tne logical coticb'inn of the present ef- 
forts by solid-earth tidalists to siu>!y '>cean 
tide effects is solution of an inverse prob- 
lem for ocean tides using observations of 
gravity, solid-earth tilt and strain tides as 
the data. This solution would provide the 
ocean tidalists with weighted areal means 
of ocean tide elevations (relative to the de- 
formed earth). Inasmuch as such averages 
would be entirely free of the shallow 
water distortion that makes coastal and 
even many island tide gauge observations 
differ significantly from the tide of the ad- 
joming deep sea, they would be ideal tests 
of ocean tide models. 

Oceanographers have long known of 
specific examples of the strong distortion 
of coastal tides relative to those of the 
deep sea by an intervening shelf, but no 
reliable predictive parameteruation of the 
effect exists. Mofjeld reported the prelimi- 
nary results of field work (three tide 
gauges in a traverse to deep water across 
the continental shelf of the southeastern 
United States) aimed at shedding light on 
this problem. Measurements in a similar 
spirit are also being conducted around the 
British Isles and off Antarctica, carefully 
located earth tide measurements along the 
coast might ultimately provide useful sup- 
plemental material in such studies. J. Lar- 
sen (NOAA, Honolulu) noted the presenc-e 
of significant distortion of Hawaiian tides 
by the narrow but steep island arc. Island 
phases probably differ from those of the 
deep sea by several lens of degrees, but the 
persistence of the island distortion into 
the northeastern Pacific is unknown. Here 
again is a case in which the interpretation 
of a transect of tide gauge observations 
normal to the axis of the island arc could 
be very usefully supplemented by even a 
single set of earth tide measurements on 
one of the islands. Such ‘local’ collabora- 
tion between earth and ocean tidalists 
*ems likely ;o be fruitful in the neat fu- 
ture. 

The mechanism of tidal dissipation in 
the oceans is at once one of the principal 
goals and one of the principal difficulties 
of ocean tidil models. Turbulent dissipa- 
tion over continental shelves and in mar- 
ginal seas IS known to be a major mecha- 
nism, if not the dominant one. and the 
interpretation by Mofjeld of his observa- 
tions consequently involved a model in 
which the role of dissipation and its varia- 
tion across the shelf arc important factors. 
But there is another potential dissipation 
mechanism that is. even in principle, poor- 
ly understood, conversion of barotropic 
tidal energy to turbulence by baroclinic 
tides. 

New data on baroclinic tides was pre- 
sented by Wunsch. For the first time, a 
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baroclinic tide signal havmg phase coher- 
ence with the barotropic tide was identi- 
fied. The observations were made at 
Woods Hole Oceanographic Institution's 
Site D, with moored current meters; the 
coherent signal was, surprisingly, detect- 
aoic cn*v in the upper layers. This is pre- 
sumably a tocu^';iJ effect, concentrating 
energy generated at the shea' dope neat 
the surface further seasvard. A subsequent 
array of current meter moorings on the 
continental slope south of Nantucket 
shoals showed a concentration ol tidal 
kinetic energy just above the bottom 
boundary layer, in agreement with theo- 
retical prediction. Over 90% of the tidal 
energy appeared as very short wavelength 
baroclinic tides. Extrapolated to the entire 
length of the world's continental shelves, 
the estimated internal wave energy flux 
could account for as much as half of the 
astronomically determined total tidal dissi- 
pation In a related discussion, C.N.K 
Mooers (Univ. Miami) suggesied that the 
observed low frequency modulation of 
baroclinic tidal seiches in the ! londa 
straits might provide a sensitive measure 
fluctuation of the Florida current. Also, 
since the straits ate neatly spatially reso- 
nant for baroclinic tides, i.e., cross-stream 
seiche conditions are nearly satisfied, the 
conversion of barotropic to baroclinic 
tidal energy may be particularly efficient 
there. 

1 1 is also possible to approach the prob- 
lem of dissipation in a more indirect man- 
ner. The amount of information about the 
frequency response and damping of ocean 
tides to be learned by comparison of 
ocean response relative to driving forces 
(tidal admittances) was illustrated by Gar- 
rett in a study of tides in the Bay of 
Fundy. 

The response of the bay at three semi- 
diurnal frequencies {M,. Si, A^j), taking 
into account the effect of nonlinear fric- 
tion, suggests that the resonant period is 
about \y/i hours, with a Q of about 5 for 
the present ,Mi Moreover, the resonant 
system encompasses all of the Gulf of 
Marne and is not confined to the Bay of 
Fundy. All this suggests that construction 
of dams for tidal power generation might 
bring the resonant period closer to the 
semidiurnal one and increase tidal ranges 
slightly over the whole Gulf of .Maine 

R.M. Gallet (ERL/NOAA) reported on 
an application of this r'sponsc method to 
the deep-sea tides meascremenis obtained 
in the Northeast Pacific Ocean basin by 
Jean Filloux. A resonancx period of IH.3 
hours is well determined using the admit- 
tances at eight frequencies, four diurnal 
(Qi. Ol. Pi, A',) and four semidiurnal 
(A'l. Mi, Si. A'j). This result can be 
obtained using only the diurnal compo 
nenis, but it is stable and remains essen- 
tially unaltered if one combines all the 
eight frequencies in one and the same reso- 
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nance curve. There was general agreement 
about the basic utility of the approach, 
but the extent to which diurnal and semi- 
diurnal admittances could be combined to 
make a single estimate of the admittance- 
frequency curve was debated. 

Closely related to these discussions was 
Platr.man's application to the North Atlan- 
tic Ocean of his previously published gen- 
eral ineiiiosi fui the Jc:cii.u.''iatmn of fioe 
mixJes of ocean oscillation. He had found 
three modes having one, two. and three 
amphidromes with periods of 21.2, 14 0, 
and 1 1.5 hours, respectively. These results 
are the first of theu kind for an ocean 
basin of global sue and of realistic shape 
and rebel, the near coincidence of the 
second free period with that recently sug- 
gested by Wunsch on the basis of an analy- 
sis of tidal admittance at Bermuda and the 
Arores is striking 

Increases in sensitivity and stability of 
solid-earlli tide measurements are tiegin 
ning to make long-peru'd tides accessible 
to earth tidalists. and it was therefore 
quite appropriate that a portion ol the dis- 
cussion was devoted to the properties of 
long-period ocean tides. Confiicling results 
of geodetic and oceanographic 'leveling' 
were discussed by Montgomery and by 
Sturges. Land-based surveys suggest that 
mean sea level rises toward the north by 
over 50 cm in 20" of latitude on either 
side of the continental United Slates. This 
result IS in conIbcT with sleric level deter 
mination of ocean surface slope as derived 
from the measured field of ocean density, 
which suggests that sea level falls from 
south to north. The origin of the discrep- 
ancy IS not understood. Larsen discussed 
the application ol eleclroniagnetic meth- 
ods to measurement ol ocean currents, 
especially tidal currents. His method is 
especially well suited lor the study ol 
long-period tides because it responds to 
hori/ontal flow rather than to surlace cle 
vallon, which is relatively small in long 
(leriod tides 

Some discussion ol tidal models had 
been anticipated, but Grijalva was pre 
vented by illness from discussing details ol 
his numerical studies ol tides in the Gull 
of California and elsewhere J II Mallhews 
(Univ Alaska) noted biielly that Mungall 
(Phi) Thesis, Univ Alaska, Sept IU72) 
had been successlul in construclmg a vari- 
able mesh predictive numerical model lor 
Cook Inlet, Alaska, and the Irish Sea 

Throughoul Ihe session, the question 
ol an optimal sel ol observations lor the 
development of global ocean tidal models 
was raised repeatedly. The most recent dis- 
cussion ol this question from the oceanic 
poml of view had been made by Ihe 
lAPSO./SCOR.H'nesco Working Group No. 
27 Developments in earth tide measure- 
ments and theory now otter new prosjieds 
foi such a program and tor Ihe resolution 
ol Ihe ocean tide pioblem 
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Seeond Geodest/ISolid-B^Hh $nd Oee$n Physics 
(6E0P) Rese^fch Confe^e/jce 

The Rotation of the Earth and Polar Motion 

Keynote Speaker: M.G. Rochester, Memorial University of Newfoundland 

FAWCETT CENTER FOR TOMORROW 
THE OHIO STATE UNIVERSITY 
COLUMBUS. OHIO 

FEBRUARY 8-9, 1973 

Sponsored by: American Geophysical Union 

National Aeronautics and Space Administration 
National Oceanic and Atmospheric Administration 
Ohio State University, Department of Geodetic Science 
U^. Geological Survey 


The theme for the Second GEOP Research Conference will be set by an introductory review relating to the 
earth’s rotation. The conference will be divided into the following sub-topics, each introduced by an invited 
moderator and discussed by a panel: 


1. Observations and Coordinate Systems; Chairman: William Markowitz, Nova University 

2. Meteorological and Senmic Effects; Chairman: Kurt Lambeck, Paris Observatory 

3. Core-Mantle Interactions; Chairman: D.E. Smylie, York University 

4. Long-Term Variations; Chairman: W.M. Kaula, UCLA 


Individuals interested in attending the conference are requested to send their applications on the stand- 
ard application form available from the American Geophysical Union, 170/ L Street, N.W., Washingtor., 
D.C. 20036. Information on the membership in the GEOP Research Conferences may be found on page 305 
of the April 1972 issue of E©S. 

Further details on the program, accommodations, and registration will be sent to those applicants selected 
by the committee to attend the conference by December 15. 

Applications for attendance must be received by Decembers, 1972 
American Geophysical Union * 1707 L Street, N.W. * Wasliington, D.C. 20036 
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The Earth’s Roiallon 

M. G. Rochester 


The most ancient and funda- 
mental concern of astronomy is the 
orientation and motion of a ter- 
restrial observer relative to the stars. 
Its geophysical aspects date from the 
time of Newton and Halley, and its 
mathematical foundations were laid 
by Euler 200 years ago. Despite this 
honorable antiquity, the subject is 
far from moribund and today pre- 
sents a rich and fascinating array of 
challenges to observation, experi- 
ment, data analysis, and theory. The 
many-faceted problems of the three- 
dimensional rotation of the earth 
about its center of ma.ss now attract 
astronomers and paleontologists, 
solid earth geophysicists and electri- 
cal engineers, general relativists and 
oceanographers, and applied mathe- 
maticians and scholars of classical 
texts. 

In this review I attempt to sum- 
mari/e, as briefly as possible, the cur- 
rent state of knowledge in a field 
that is complex, extensive, and resur- 
gent under the impact of late 20th 
century technology. I shall begin 
with a survey of the appropriate 
relerencc frames and problems in- 

I Ills article ssas taken Ironi the key nnte 
address presented at the second (il.OI’ Re- 
search Conterence on The Rotation of the 
l arth and Polar Motion, which was held at 
The Ohio Stale University, (’olunibus, 
1 ebruary 8-9, 1 973. 


volved in defining them and then 
outline the accuracy with which the 
earth's rotation can be measured rel- 
ative to these frames by techniques 
already in use or on the threshold of 
realization. Following that, I shall 
discuss in turn the various spectral 
features of changes in the axis orien- 
tation and spin rate of the so-called 
'solid' earth (Table 1) and the 
physical mechanisms known or likely 
to effect and affect them (Table 2). 
Copious references are given for 
deeper study. I shall concentrate 
almost exclusively on developments 
in the past decade or so since the 
appearance of the now-classic mono- 
graph by Munk ami MacDonald 
(19601, the standard reference for 
most aspects of the subject. 

Reference Frames 

The earth is not a rigid body, and 
so the selection of a reference frame 
suitable for describing its rotation is 
not a completely straightforward 
matter .Strictly speaking, the phrase 
‘rotation of the earth' is shortliaiul 
for the rotation in space of a certain 
reference Irame fixed In some pre- 
scribed way to a set of astronomical 
observatories distributed over the 
earth's crust. I'he difficulty of de- 
fining a reference frame is increased 
by the *act that the observatories are 
located on different crustal 'plates’ 


that are in relative motion | yicente, 
1968, Markowitz, 1970, Arur and 
Mueller, 1971, Tanner, 1972|. The 
current choice of astronomers and 
geodesists is a ‘geographic’ frame 
whose origin lies at the earth’s center 
of mass, whose z axis points to the 
Conventional International Origin 
(f'IO)-corresponding very nearly to 
the mean position of the rotation 
pole from 1900 to 1905 determined 
by the International Latitude Service 
(ILS) and whose x axis points at 
right angles to this in the plane of the 
Greenwich meridian as determined 
by the Bureau Internationale de 
rileure (Bill) in Paris. At the c axis 
the astronomers and geophysicists 
part company, the former choosing a 
left-handed set and heading 90°W of 
Greenwich and the latter going 90°I- 
(Figure 1). 

Polar motion, which may be 
either irregular or periodic (in which 
case It IS called ’wobble'), is the dis- 
placement ol the instantaneous rota- 
tion axis relative to this tianie, on u 
small scale to 0”..3, lv|, (i'| |J 
meters) The term 'polai wander' is 
reserved foi Hie laige departure >ii 
the rolalion pole Iroin its me, in posi- 
tion at any one eiuicli, achieved only 
on the geologic tune scale. Pol.ir mo- 
tion has been measured lor over 70 
years by the I1..S and its successor, 
the International Polar Motion ,Ser- 
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TABLI' I . Spectrum of Changes in I'arlh's Rotation 


H. Terrestrial Orientation of 

A Inertial Orientation of Spin Ams Spin Axis (Polar Motion) 


C. Instantaneous Spin Kale 
w about Axis 


1. Steady precession: amplitude 23“.5; 
period ~25,700 years. 

2. Principal nutation: amplitude •)" 20 
(obliquity): period 1H.6 years 

3. Other (leriodic contributions to niita- 
(ion in obliquity and longitude: ampli- 
tudes <1”. periods 0.3 years, annual, 
semiannual, and fortnigntly. 

4. Disirepaney in secular decrease in 
obliquity: 0".l/eenluryC’). 


1. Secular motion of pole: irregular, 
~()'’.2 in 70 years. 

2. ‘Markowitz' wobble: amplitude 

~0" 1)2(7), period 24 *40 years)?) 

3 Chandler wobble amplitude (variable) 
~()''.15; period 425 -440 days, 
damping lime 10 -70 years)?), 

4. Seasonal wobbles: annual, amplitude 
~()''.()9; semiannual, amplitude 
=0".()l. 

5. Monthly and fortnightly wobbles 
(theoretical) amplitudes ~0".0()i. 

6. Nearly diurnal free wobble: amplitude 
<()”.()2(?); period(s) within a lew 
minutes of a sidereal day 

7. Oppol/er terms: amplitudes ~0".02, 
periods as for nutations. 


1 Secular acceleration w/ui ~ 5 X 

|0-"’/yr 

2 Irregular changes (a) over centuries, 
ej/tj V *5 X |(l'*"/yr, (/>) over I 10 
years, cj/w v 'KOx 1 0 * "/yr. (< ) over 
a tew weeks or inonilis (‘abrupt'). 
Jj/ui < «S))(I X It)-* "/VI 

3. Short-period variations: (a) biennial, 
amplitude ~9 msec. (/>) annual, ampli- 
tude ~2() 25 msec, (c) seniianmial. 
amplitude ~9 msec: (i/) monthly and 
fortnightly, amplitudes -I i..wc 


vice (IPMS). The five ILS observa- 
tories are spaced out along the same 
parallel of latitude (39°8’N), and 
thus the effects of any systematic 
errors in star catalogs are eliminated. 
Both the Il’M.S and the Bill publish 
determinations of the pole path 
about the CIO (Figure 2). The IPMS 
pole path is based on observations at 
the five ILS stations, whereas the 
Bill pole path currently incorporates 
data on latitude variation from some 
50 stations, and thus the effects of 
star catalog errors are statistically 
reduced. The difference between the 
two pole paths, which can amount to 
=0 . 1 , is a measure of the effects of 
errors due to local motions of the 
vertical, plate motions, refraction, 
instrumental peculiarities, and sys- 
tematic differences in data reduct)on 
techniques. It is worth noting that 
the individual observations scatter 
much more widely than the pub- 
lished curves suggest. The IPM.S and 
Bill both claim errors of only ±0".0I 
in their published 0 5-year and 5-day 
means. Certainly, this sets a limit to 
the precision of which the basic in- 
struments of optical astronomy, the 
photographic zenith tube (P7.1') and 
the astrolabe, arc presently capable. 

New techniques, such as Doppler 
tracking of artificial earth satellites 
[Anilfrh’, 19721, which provides 


TABLI'. 2. Mechanisms with l.ffccls Now Distinguishable on (he l'.arlh‘s Rotation 


Mechanism 

It feci" 

Sun 

Gravitational torque 

A, B7,CI.(‘.V 

Solar wind torque 

C2< (?) 

Moon 

Gravitational torque 

A. B7.('l,r3</ 

Mantle 

1 laslicity 

BI.B3 4,(1 2c. CV </ 

Larlhquakes 

Bl, B3 

Solid 1 riel ion 

B3( ').('l 

Viscosity 

Via 

Liquid core 

Inertial coupling 

A2 3. B2.B6 

Topographic coupling 
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pole positions at 2-day intervals, have 
already achieved an accuracy com- 
parable to that of the BIH \l-'eissvl et 
ai, 19721 In fact, the Bill recently 
began to include in its data set the 
observations made by the Dahlgren 


Polar Monitoring .Service (DPMS) 
Laser ranging to artificial satellites 
offers even greater accuracy together 
with pole positions determined at 
more frequent lime intervals. Smith 
et ai 119721 report a sequence ol 
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6-hour mean pole positions within 
±0" 03 of the BIH path from a single 
laser tracking system operated over 5 
months. Accurate tracking of artifi- 
cial satellites should also permit 
checking that the geographic axes of 
reference do pass through the earth's 
center of mass [l.amheck. 1971, 
Melchior, I972|. Gold (1967) and 
MacDonald (1967) first pointed out 
that very long base line interferom- 
etry (VLBI) would make possible 
very precise measurement of changes 
in the earth’s rotation (see also Burke 
119691). Laser renging to corner 
cube reflectors on the moon should 
enable polar motion and spin rate to 
be measured with an accuracy nearly 
comparable to that expected from 
VLBI [Alley and Bender, 1968, 
Faller and Wampler, 1 970, f’/io/Zer, 
1970, Rosch, 19721. Although the 
newer techniques will eventually 
largely replace optical astronomy, it 
will be important to continue the 
PZT observations for years to come 
to provide consistency and a stan- 
dard of comparison during the transi- 
tion period. 

Orientation of the instantaneous 
rotation axis in space requires the 
selection of an inertial frame based 
on a catalog of fundamental stars, 
with due allowance for such things as 
proper motions and galactic rotation 
1 Woolard and Clemence, 1 966) . The 
best catalog in curreni use is FK4, 
based on over 1500 well-studied 
stars, but it contains systematic er- 
rors of the order of 0”.l. Although 
these could be detected and cor- 
rected by a sustained program of 
laser tracking and photographic ob- 
servation of artificial satellites | Wil- 
liams, 19721, the development of 
VLBI seems to promise a better solu- 
tion in the long run The ultimate 
resolution of the order of 0 .001 ex- 
pected to be obtained with VLBI 
raise, the possibility of using radio 
sources at enormous distances ( with 
negligible proper motions) as a fun- 
damental catalog, if a sulficicntly 
dense distribution of quasars can be 
found over the celestial sphere 

The orbital motion of the moon 
and changes in the obliquity of the 
earth's equator to the ecliptic are 
connected to problems of the earth’s 

Fig. :. Bole paths IV6V.0 1971. 9S. 
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rotation, and so it is useful to define 
an intermediate reference system tied 
to the ecliptic and vernal equinox at 
some epoch. Lunar laser ranging 
(LLR) will in the course of time 
greatly improve the determination of 
the moon’s orbit, the lunar ephemer- 
is [Fallerand Wampler, \910, Rosch, 
19721 . The VLBI tracking of space- 
craft or artificial satellites placed in 
orbit around other planets could at 
some future date tie the ecliptic 
frame to an inertial frame con- 
structed from the quasar sources 
[Preston er al., 1972]. 

Time 

Essentially three different kinds 
of time are required to discuss the 
earth’s rotation. Sidereal and universal 
time (UT) are both based on the 
earth’s diurnal rotation. Sidereal lime 
IS defined by the angle through 
which the Greenwich meridian has 
turned past the vernal equinox (Fig- 
ure I). Universal time is related to 
sidereal time by an adopted formula 
(whose origins are now of purely his- 
torical interest) and is therefore an 
equivalent direct measure of the 
earth’s axial spin. In practice, UT is 
detei mined by meridian transits of 
stars, and so the PZT provides simul- 
taneous determinations of time and 
latitude. Universal time corrected for 
polar motion (Figure 1) is called 
UTl. Since the earth's axial spin 
shows periodic, irregular, and secular 
changes, UTl does not provide a uni- 
form measure of time. Such a uni- 
form reproducible time scale, called 
atomic time (AT), has been made 
available since 1955 by atomic fre- 
quency standards accurate to I part 
in 10* These atomic ‘clocks,’ now 
widely distributed at astronomical 
observatories, are presently syn- 
chronized by transport and side-by- 
side comparison, or less accurately 
by radio signals from quartz crystal 
oscillators carried in artificial satel- 
lites, but remote synchronization 
using VLBI techniques should soon 
be feasible. I'he PZT observations, 
coupled with atomic timekeeping, 
from the participating stations are 
processed and disseminated by the 
Bill as UTl-AT. Changes in the 
earth’s axial spin rate arc therefore 
obtained by differentiating UTl-AT 
with respect to (atomic) time. 


The third kind of time with which 
we have to deal is ephemeris time 
(ET), the basis of dynamical astron- 
omy. Ephemeris time is the (pre- 
sumed uniform) measure of time that 
appears as the independent variable 
in Newton’s laws of motion and is 
effectively defined by the motions of 
the sun, moon, and planets over the 
past few centuries. Ephemeris time is 
independent of the earth’s rotation 
but rests implicitly on Newtonian 
theory. Until the advent of AT, the 
irregularities in the earth’s spui rate 
were measured by ET-UT (Figure 3). 
Any divergences between ET and AT 
will indicate hitherto unsuspected 
shortcomings in the theory of the 
moon’s motion and/or possible non- 
Newtonian effects [Sadler, 196H, 
Shapiro et al., 1971, Oesterwinter 
and Cohen, 1972). 

The most recent comprehensive 
treatment of the measurement of 
time and polar motion is by Mueller 


[1969]. The methods used by the 
IPMS and BIH in processing their 
data are described by Yumi 1 19721 
and Guinot et al. [1972]. The pos- 
sibilities of the newer observational 
techniques now coming into use have 
been explored in the study edited by 
Kaula 1 19701 . 


Dynamics of Changes 
in Earth’s Rotation 

A change in the earth’s rotation 
can he brought about ( I ) by a change 
in its angular momentum due to the 
application of external torques (lunar 
and solar gravitational torques on the 
equatonal bulge, the bodily and 
ocean tides, the solai wind) or (2) 
while Its angular momentum remains 
constant, by a change in its inertia 
tensor (earthquakes, sea level fluctua- 
tions, rearrangenieiit of the geograph- 
ic distribution of air mass) or by in- 
ternal redistribution of its angular 


Fig. 3. Changes in length oj day. (a) After Guinot 1 1 9701 . (b) After Sloyko 
119701. 
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momentum (winds, core-mantle 
coupling). 

The role of the core, almost com- 
pletely enigmatic at the time when 
Munk and MacDonald wrote their 
book, has since become much more 
prominent. Dunng the past decade a 
number of features of the earth’s 
rotation spectrum, directly affected 
by the existence of the liquid core, 
have been identified with varying 
degrees of certainty (Wocheifer. 

1 9701 . The principal effective mech- 
anisms by which angular momentum 
can be transferred between the core 
and mantle are: 

( 1 ) inertial coupling due to the 
hydrodynamic pressure forces that 
act over the ellipsoidal core-mantle 
boundary when internal flow is in- 
duced in the liquid core by any shift 
in the eai^h’s rotation axis [Toonirc, 
19661 ; 

(2) electromagnetic coupling due 
to the operation of Lenz’s law conse- 
quent upon leakage of geomagnetic 
secular variation (CSV) into the elec- 
trically conducting lower mantle 
[Rochester. I960, 1968). The (iSV 
in turn is associated with internal 
motions of the highly conducting 
core, driven by mechanisms appropri- 
ately examined in the context of geo- 
magnetic dynamo theory but closely 
connected with the earth’s rotation. 

Although there is as yet no 
seismic evidence for (or against) 
small-scale (not more than a few 
kilometers high) topography on the 
core-mantle interface, J/iJe 11969) 
has for other reasons proposed a 
coupling mechanism that may be 
comparable to or even stronger than 
the electromagnetic: 

(3) topographic coupling, in 
which a stress on the mantle is pro- 
duced by the flow of the rotating 
core over any 'bumps’ or depressions 
on the core-mantle boundary. 

Significant viscous friction at the 
core-mantle interface now seems 
most unlikely because of the very 
low molecular viscosity of the core 
estimated by dans |I972| and the 
apparent ineffectiveness of turbulent 
(eddy) friction [Tooinre, 1966, 
Rochester, I970|. 

Precession 

The combination of dynamical el- 
lipticity (the equatorial bulge), obliq- 


uity, and spin causes the earth to 
respond to the gravitational attrac- 
tion of the moon and sun by a steady 
precession of its rotation axis in 
space at a rate of 503/”/century 
(Figure 4). The earth is ireated as a 
rigid body to deduce from this rale 
the value of one of the fundamental 
geophysical constants, its dynamical 
ellipticity // = (C - A )IC, where (' 
and A are its axial and equatorial 
moments of inertia, respectively. The 
effect of a liquid core, first treated 
imperfectly by Hopkins in 1839 and 
then elegantly by Poincare in 1910, 
has been discussed most recently by 
Stewartson and Roberts | 1963 1. 
Busse I 1 968), dans 11969), and 


Suess (1970). Fven if VLBI can re- 
duce the error in the measured 
lunisolar precession rate to ±0 .1/ 
century in the next decade [Shapiro 
and Knight, 1970) , the effect of the 
liquid core (4 parts in 1 0* ) would 
remain undetectable. However, 
Shapiro and Knight point out that a 
more immediate result of this refine- 
ment will be the observational isola- 
tion of the general relativistic contri- 
bution to precession (^1 .9/cen- 
lury). 

Nutation 

The orbital motions of the earth 
and moon give rise to ripples on the 
precessional cone (Figure 4), the 
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largest of which, the principal nuta- 
tion, is associated with the regression 
of the lunar orbit's line of nodes with 
a period of 18.6 years. It is an ellipti- 
cal motion of the rotation axis, the 
semim^jor axis (nutation in obliq- 
uity) having an amplitude of 9". 20. 
Independently, Jeffreys and Vicente 
( 1 9 5 7 1 and Molodensku [19611 
showed that allowing for mantle elas- 
ticity and the liquid core (inertially 
coupled to the mantle) removed the 
discrepancy of 0".02 between the 
observed amplitude and that derived 
from theory assuming the earth to be 
rigid 

Melchior [19711 has recently 
reviewed the dynamical effects of the 
liquid core on the long-period (18.6 
and 9.3 years) and short-period (an- 
nual, semiannual, and fortnightly) 
nutations. Annual nutation in obliq- 
uity is due entirely to the presence of 
the core but is of small amplitude 
(•^^O” .006). Satisfactory observa- 
tional confirmation of the correc- 
tions required by a deformable earth 
model has already been obtained by 
conventional astronomical tech- 
niques, according to Melchior (see 
also Wako [1970]). Clearly, the new 
methods of VLBI and laser ranging 
to the moon promise more discrimi- 
nating tests of the earth models 
adopted by theoreticians. 

'Secular' Decrease in Obliquity 

The observed 'secular' 
(^40,000-year period) decrease in 
the obliquity (Figure 4), at a rate 
=;47”/century, can be almost, if not 
entirely, accounted for by the gravi- 
tational perturbations of the ecliptic 
by the other planets. Earlier analyses 
indicating a difference of 3/cen- 
tury between calculated and ob- 
served rates have been questioned 
[Lieske. 1970; fVic/ce. |97l|,andit 
now appears unlikely that any real 
discrepancy can exceed ^O'. I /cen- 
tury [Fridte, 19721 . Shapiro and 
Knight [19701 suggest that a decade 
of VI. Bl and timing pulsar signals 
might suffice to determine whether 
such a discrepancy is real. 

Aoki [1969[ has proposed that 
frictional coupling ol the core to the 
processing mantle can cause a rota- 
tion of the equator in space, in the 
sense of reducing the obliquity, at 
approximately the rate indicated by 


the above possible discrepancy. 
Kakuta and Aoki [1972] claim to 
have removed certain objectionable 
features of Aoki's earlier model by 
taking into account electromagnetic 
coupling of the mantle to a liquid 
core, but the problem is complex and 
far from being satisfactorily solved. 
It is, in fact, part of a much larger 
problem of absorbing interest in con- 
nection with the possible operation 
of the geomagnetic dynamo by stir- 
ring up the core by the differential 
precessional torque ansing from the 
25% difference between the elliptici- 
ties of the earth's outer surface and 
the core-mantle boundary [Malkus, 
196 3, Cans, 1969, Basse. 1971, 
Stacey, 1973). 

Chandler Wobble 

The 70 years of systematic lati- 
tude observations using optical 
astronomy have not yet proved ade- 
quate to resolve unambiguously the 
spectrum of polar motion. The prin- 
cipal features are the 14-month 
(Chandler) and annual wobbles. The 
Chandler wobble is the torque-free 
Eulerian wobble for a uniaxial rigid 
earth with the period lengthened to 
=435 days by allowing for the liquid 
core, elastic mantle, and the mobility 
and loading of the oceans. The spec- 
tral peak at the Chandler frequency 
is broad and conventionally inter- 
preted as indicating a more or less 
randomly excited oscillation damped 
with a relaxation time of the order of 
10-25 years [Jeffreys, 1968, Man- 
delbrot and McCarny, 19701 . The 
value of Q (=30-60) thus indicated 
has seemed anomalously low if the 
damping is to be attributed entirely 
to anelasticity of the mantle and it 
Q is rather independent of frequency 
[Stacey, 1967| Rochester and 
Smylie [19651 showed that electro- 
magnetic core-mantle coupling failed 
by a factor of at least 1 0* to provide 
the necessary damping 

Colombo and Shapiro [1968[ 
have argued that the variable ampli- 
tude of the ( handler wobble is strik- 
ingly suggestive of a beat between 
two resonant periods within the 
Chandler bund separated by roughly 
10 days and having much sharper 
peaks, so us to remove the apparent 
problem with Q. It is difficult to see 
how two such close frequencies 
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could exist near the Chandler peak 
for any reasonable model of the 
earth's interior. The ILS data are suf- 
ficiently inhomogeneous and the rec- 
ord length short enough that ordi- 
nary spectral analysis cannot with 
confidence resolve the question of 
whether they exist [Bedersen and 
Rochester, 1972). When they are 
analyzed by Burg's maximum en- 
tropy method, neither the ILS data 
[Claerbout, 1969| nor the BIH data 
[.Vmi7i<' et at.. 1973| yield any evi- 
dence for splitting of the Chandler 
peak The trouble with (J may not be 
real, anyway, since the oceans have 
not been eliminated as a possible sink 
for wobble energy [Munk and Mac- 
Donald, I960, l.agus and Anderson, 
\9bH, Miller, 1973[. It may be worth 
noting that Hendershott [ 1972) gets 
^) = 35 for the oceans at the semi- 
diurnal period. 

Continued observation of the 
Chandler wobble, even at increasing 
amplitude from time to time, in the 
presence of such strong damping, 
points to an efficient excitation 
mechanism. Amplification of the 
Chandler resonance by sidebands of 
the annual variation in atmospheric 
mass distribution is far too small 
[Munk and flassan, 1961 |. Earth- 
quakes, dismissed by Munk and Mac- 
Donald, have been revived in a series 
of papers beginning with the one by 
Mansmha and Sniytie [I967|. I he 
far-field displacements accompanying 
a major earthquake, calculated hy 
the elasticity theory of dislocations 
m a spherical earth, change the off- 
diagonal components of the inertia 
tensor and thus shift the earth's pole 
of tigure (mean pole of epoch). In- 
dependent formulations of the 
theory for a self-gravitating earth 
model with liquid core and realistic 
distnbutions ol density and elastic 
properties in the mantle have been 
given by Srnylie and Manunha 
[19711. Dahlen [1971, I973[. and 
Israel el at [ |973| Their theoretical 
treatments differ m detail and have 
given rise to a small controversy over 
the physical principles governing 
static deformation of the liquid core 
(see also Jiffreys and Vicente 
[1966 1 and 1‘ekeris and Acead 
[ 1972) ). However, the effect of dif- 
fering prescriptions of boundary con- 
ditions at the core-mantle interface is 
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likely to be small, and the authors 
generally agree in concluding that a 
major earthquake can produce a 
polar shift of the order of 0",l How- 
ever, Manstnha and Srnylu' 11970 1 
and Dahlen [19711 disagree on 
whether the cumulative effect of all 
earthquakes is enough to sustain the 
Chandler wobble. The sources of dis- 
agreement have not yet been con- 
clusively identified but probably lie 
primarily in the different ways in 
which the authors relate the excita- 
tion due to a particular earthquake 
to its seismic character. 

Ideally, one would like to test the 
hypothesis by matching a change in 
the pole path with the occurrence of 
a niitjor earthquake and the shift in 
the pole of figure predicted by elastic 
dislocation theory from the earth- 
quake's location and associated fault 
geometry li’m,v/ir and Manstnha, 
19681. However, the data are so 
noisy that such attempts have so far 
been inconclusive \Hauhrkh. 1970; 
Dahlen. 1971 1, and we must await a 
great improvement in the accuracy 
with which wobble is monitored. 

Modeling of seismic effects on the 
inertia tensor by sudden dislocations 
leaves so far unexamined the possible 
effects cf creep on polar motion 
[Chtnnery, 1970). 

During the past decade, excitation 
of mantle wobble by electromagnetic 
coupling to the core has been shown 
to be utterly inadequate by Roches- 
ter and Smylie [19651, who took 
step function torques to be suffi- 
ciently opti.mistic, and has been 
resuscitated, on quite different 
grounds, by Runcorn and Stacey 
Runcorn ll970u| contends that 
high-frequency GSV creates the core 
equivalent of sunspots at the core- 
mantle boundary and thus supplies 
an impulsive torque to the mantle 
that can transfer angular momentum 
rapidly enough to sustain the Chan- 
dler wobble. Farthquakes leave the 
instantaneous rotation pole un- 
changed but shift the axis of figure, 
so that the pole path experiences a 
discontinuous change in direction 
Impulsive torques, on the other 
hand, leave the axis of figure un- 
changed and shift the rotation pole, 
so that the radius of the pole path is 
changed discontinuously . There is 
some support for the latter phenom- 
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enon in the observations: a change of 
the order of 0".l in arc radius taking 
place in a year or two [Guinot, 
1972). The details of electromag- 
netic coupling on such a short time 
scale have not been fully worked out, 
partly because the high-frequency 
CiSV is screened from our observa- 
tion by the electrical conductivity in 
the lower mantle that provides the 
coupling But Kakuta [19651 con- 
cluded that magnetohydrodynamic 
oscillations in the core could not ex- 
cite detectable wobble Stacey 
119701 uses a quasi-dynamical argu- 
ment to estimate how much energy 
could be fed into the mantle wobble 
from the differential precession 
torque on the core through a non- 
linear electromagnetic coupling 
mechanism. The proposal is in- 
triguing but needs to be given a more 
ngorous formulation. 

In an interesting translation of 
geophysics into an astronomical con- 
text, starquakes have been offered as 
an explanation of pulsar wobble 
\f’ines and Shaham, 19731, and its 
damping has been discussed in terms 
of various mechanisms in the core 
and mantle of a neutron star (Chau 
and Henriksen, 19711. 

Seasonal Wobbles 

The amplitude of the annual (and 
much smaller semiannual) wobble 
can be sufficiently well explained by 
the seasonal variation in the geo- 
graphic distribution of the mass ol 
the atmosphere [Munk and Uassan, 
19611, although the observed phase 
requires some additional excitation 
(snowfall, groundwater), according 
to JeJJreys ( 19721 . 

It has been customary to separate 
the Chandler wobble from the lati- 
tude data by removing an annual 
wobble that is constant in amplitude 
and phase from year to year, deter- 
mined by a least squares fit. The 
suspicion that changing weather 
patterns from year to year would dif- 
ferentially drive the annual wobble is 
confirmed by the analysis ol Chollct 
and Deharhat 119721, who lind Us 
amplitude to vary between O" 04 and 
0".10 over a 14-year series of obser- 
vations at Pans. The point is rein- 
forced by Wells and Chinnery 
1 19721 , who find the annual wobble 
to be but poorly determined from 
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the IPMS latitude data and conclude 
that It cannot be well separated from 
the Chandler wobble by the custom- 
ary method (iuinot 119721, how- 
ever, finds ‘quiet’ intervals ol a few 
years over which the annual wobble 
IS nearly constant 

Other short-period terms in the 
ILS data with very small amplitudes 
are probably forced wobbles o( 
meteorological origin [.Vugi/wu et al., 
19721 

Secular Motion of the Pole 

The ILS data also reveal an irregu- 
lar dritt ol the pole trom its mean 
position 70 years ago in a rather slug 
gish sort of Brownian’ motion that 
has carried it altogether ~0".2 
towards Newfoundland in that tune 
(Yuini and Wako, 1970, Mandelbrot 
and McCatny, 1970. Mikhadov, 
19721 1 he observed secular motion 

of the pole may be contaminated by 
as yet unresolved nonpolar latitude 
variations due to continental drift 
(Arur and .Mueller, 19711. There 
seems little reason to doubt that this 
secular motion is the cumulative re- 
sult of changes in the inertia tensor 
due to sea level lluctuations [Munk 
and MaeDonald, 1960| and tectonic 
processes (Mansinha and Srnylte, 
19701 Hatrakov [19721 estimates 
that a gigantic engineering project 
proposed to turn the tlow ot Siberian 
rivers southward will, through a re- 
distribution ol groundwater, shift the 
pole by no more than 0".014 

Long-Period Wobbles 

Markowitz 119701 adduces empir- 
ical evidence from the ILS data for a 
24-year period wobble, which Husse 
1 19701 has suggested may represent 
the response of the mantle to wobble 
ol the solid inner core inertially 
coupled to the mantle via the liquid 
core. Rvkhlova 119691, using a 
longei but less homogeneous record, 
finds evidence for a 40-year period 
instead This may be the 'Markowitz 
wobble’ with the period pooily 
determined because ol containina- 
tioii trom the secular motion But 
MeCarthv 1|972| also Imds from 
latitude observations al Washington a 
’period’ somewhat longer than Mark- 
owitz’s. It It IS real, the phenomenon 
may well be the only observable 
manifestation of the presence of the 
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solid inner core in the entire spec- 
trum of changes in the earth’s rota- 
tion. 

Nearly Diurnal Free Wobble 

Perhaps the most intriguing wob- 
ble mode IS the torque-free nearly 
diurnal polar motion made possible 
in principle by the presence of the 
liquid core iiiertially coupled to the 
mantle, first predicted in l«9b inde- 
pendently by both Hough and 
Sludskii. The predicted motion is ret- 
rograde about the axis of figure with 
a period about 3 min short of a side- 
real day, according to the (slightly 
different) earth models ol Jeffreys 
and Ifeenre (1957] and Motodensku 
[1961]. Besido giving a resonance 
amplification to the nearly diurnal 
tides, this wobble mode will appear 
in observations of latitude and time 
(UT) as a period (relative to the 
stars) of 464 sidereal days or 204 
mean solar days, according to .Molo- 
denskii’s models. The most recent 
discussions of the observational evi- 
dence are those by Sugawa and Ooe 
11970], Popov and Yatskiv 11971], 
and Deharhat 1 1971 ] If this wobble 
could be unambiguously identified, 
its period would serve as a fairly 
stringent filter for earth models. 
However, its amplitude (^0”.02, ac- 
cording to Popov) is at noise level, 
and there is reason to be suspicious 
of this value, since it must be accom- 
panied by a nutation hundreds of 
times larger (A. Toomre, private 
communication, 1973). 

Other small (■=^0".02) wobbles are 
forced by the sun and moon.- These 
are the Oppolzer terms due to de- 
parture of the axis of rotation from 
the figure axis during nutation (dis- 
cu.s,sed by Takagt and Murakami 
11968]). 

Short-Period Changes 
in Length of Day 

Although the seasonal variations 
in the length of day were detected by 
Stoyko during the 1930’s by pendu- 
lum clocks, the short-period changes 
naturally show up much better in 
Uri-AT, available since 19.55 The 
annual variation ( implitude ~2() 25 
msec) is primarily explained by 
winds and the semiannual variation 
(amplitude =i9 msec) by the solar 
bodily tide, small additions to 


changes in the axial moment of in- 
ertia being contributed by the sea- 
sonal redistribution of air mass, 
ocean load, groundwater, snow, and 
vegetation j.'fimA; and .MaeDonatd. 
I960]. The discrepancies in ampli- 
tude and phase between the seasonal 
Huctuations deduced by different 
workers \Fliegel and Hawkins, 1967; 
Challinor, 1971] reflect the year-to- 
year variability in the excitation 
mechanisms. Frostman et at. [1967] 
concluded that there are still large 
unexplained differences in phase be- 
tween theoretical and observed sea- 
sonal variations. This objection 
appears to have been entirely re- 
moved by Lambeck and Ca:enave 
(1973], who use much better mete- 
orological data to calculate the sea- 
sonal fluctuations in atmosphcnc 
angular momentum. 

Nordtvedt and Will (1972] point 
out that theories of gravitation in- 
volving a preferred reference frame 
predict anisotropies in the gravita- 
tional constant that change the 
earth's moment of inertia during its 
orbital motion and give rise to small 
annual and semiannual changes in the 
length of day. These effects are likely 
to be indistinguishable from the 
meteorological effects at the level of 
accuracy with which the latter are 
known. At present, all one can do is 
use the uncertainty in the extent to 
which the known meteorological and 
hydrological excitations can account 
for the observed seasonal variations 
in the length of day to set upper 
limits on the relevant parameters in 
nongeneral relativistic theories. 

A 9-nisec amplitude biennial term 
m the length of day was first re- 
ported by luima and Oka/.aki in 
1966 and is presumably related to 
the 26-month atmospheric oscilla- 
tion. For reports of other short- 
period vanations (of possibly mete- 
orological ongin) sec the papers by 
Korsun' and Sidorenkov ]I97I] and 
Iifima and Okazaki ( 1972] . 

Atomic timekeeping now permits 
une(|iiivocal observation of the small 
(<l-msec amplitude) tort nightly and 
monthly lunar tidal variations in the 
length ot day \(t'uwol, 1970] 

Irregular Fluctuations 
in Axial Spin Rate 

Subtracting from U'lT an adopted 
value for the seasonal variation in the 


length of day gives UT2. It is impor- 
tant to note that UT2 will still con- 
tain some small meteorological ef- 
fects, since the seasonal fluctuations 
change in amplitude and phase from 
year to year Irregular changes in the 
length of day show up in HT2-AT 
since 1955 and in ET-UT over the 
last three centuries (Figure 3), The 
corresponding rotational accelera- 
tions have been reviewed by Marko- 
witz 1 1970, 1972]. A change of I 
msec in the length of day is about 1 
part in lO", so that the data from 
Figure 3 divide roughly into three 
categories: ( I ) changes of a few milli- 
seconds over several decades or 
longer (accelerations in the spin rate 
of <5 X l(T'®/yr), (2) changes of a 
few milliseconds over a few years to 
a decade (accelerations <80 X 
lCT'®/yr), the so-called 'decade fluc- 
tuations,’ and (3) changes of a sub- 
stantial fraction of a millisecond over 
a few weeks or months (accelerations 
<500 X l(T'°/yr), the most rapid of 
these being the ‘abrupt’ changes 
{(luinot, 1970]. 

Changes in this last category were 
not registered in UT until the atomic 
clocks came into use Presumably, 
VLBl and laser ranging to the moon 
will enable the time intervals over 
which such changes can be detected 
to be whittled down to a fraction of 
a day, and improved global meteoro- 
logical data will be used to test 
whether any appeal to the core must 
be made to explain such short-term 
irregularities. 

Electromagnetic torques have 
been shown to be just barely ade- 
quate to transfer angular momentum 
between the core and the mantle at 
the rate necessary to account for the 
accelerations characteristic of the 
decade fluctuations \Roehesler, 
I960, Roden, 1963, Kakuia, 1965, 
Roberts, 1972] i'estine and Kahle 
(1968] cite evidence lor this mecha- 
nism in the correlation ol changes in 
the length of day with changes in the 
westward drift of a prominent geo- 
niagiieiic lield constituent during the 
last 80 years. 

1 he more rapid and abrupt 
changes in the length ol day are 
milch more likelj to be explained by 
winds, I hey cannot be explained by 
electromagnelic coupling unless the 
electrical conductivity approaches 
lO’ mhos/ni at the very bottom of 
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the mantle and there is sufficient 
power in the CSV at high frequen- 
cies, say, >l cycle/yr Topographic 
coupling may play some role After a 
checkered history of claims for de- 
tectable etiects from the solar wind 
torque, it appears that this source 
can be neglected { Co/e man, 1971, 
Hirsh berg. 1972]. 

The slower changes, of type I, are 
readily accounted for by electromag- 
netic coupling to the long-period 
GSV in the core \P.ochesler, 1970). 
Hraginsliii 11970) and Wilhelm 
1 1970) have calculated the long-term 
changes in the length of day associ- 
ated with particular features of the 
fiSV. Munk and MacDonald (I960) 
argue that changes in sea level do not 
contribute significantly to fluctua- 
tions in the spin rate on this time 
scale because there is no indication 
of the concomitant polar motion 
over the last 70 years. The same will 
not he true ol sea level changes on a 
time >cale of many centuries or mil- 
lenia. 

Secular Acceleration 
of Earth’s Rotation 

The mjuor contributor to secular 
change in the length of day is tidal 
friction, which transfers earth’s spin 
angular momentum to the lunar orbit 
and thus gives the moon an angular 
acceleration h in space. Until re- 
cently, the accepted value for the 
present era was h ^ - 22"/century^ , 
determined over 30 years ago by 
Spencer Jones from telescopic ob.ser- 
vations of the sun, moon, and planets 
over the previous 2'/2 centuries 
(I-;T-UT) It now appears that errors 
in the poorly determined early obser- 
vations could change his value by 
±100'/?. More recent values were de- 
termined by (I) Newton |196>!|, 
who found h -20 ± 3’’/century^ 
from a few years’ tidal perturbations 
of artificial earth satellite orbits (ac- 
cording to Newton (|972a|, the 
systematic errors here may be much 
larger than indicated). ( 2) i'an hlan 
deni 1 1970) , who obtained /I 5 2 
± lb", 'century^ Irom 15 years of 
lunar occultations timed against A I 
and made unusually generous alh>w- 
ances tor systematic error, and (3) 
Oesterwinter and Cohen |I972|, 
who arrived at h =; -3S ± H /cen- 
tury’ by fitting the last 60 years of 


lunar and planetary observations 
again.st UT and A'l 

It the sun’s tide on the eaith is 
taken into account, the total gravita- 
tional tidal acceleration of the earth’s 
spin is given by co/co =; l.lb/I X 
1 0"^ /century , where the coefficient 
IS uncertain to within a few percent 
owing to uncertainty in the knowl- 
edge of the ratio of the lunar to the 
solar tidal torque (various models 
range from 3.5 to 4.7). Thu-> the 
‘modern’ rate of secular deceleration 
due to tidal friction is probably close 
to twice the value used by Miink and 
MacDonald |19b0| Itiis in turn 
nearly doubles the problem of ac- 
counting for the accompanying ener- 
gy dissipation (~3.5 X lO’’ walls, 
according to Munk and Macnonald) 

The shallow seas have long been 
regarded as the chiet sink lor tidal 
energy. Miller |196<)| found that 
they could dissipate 17 X lo’’ 
watts (±50',?). Degradation by scat- 
tering into internal modes in the 
ocean is probably <0.5 X lO' ’ watts 
[Cox and Sandstrorn. 1962, Munk. 
1966). The contribution by bodily 
tides in the solid earth is probably 
not more than a few percent of the 
whole [Munk. 1 96k | More recently , 
llendershott | 1972) and I'ariiskii et 
al. I 1972) have used colidal charts 
and, taking ocean loading into ac- 
count, estimated dissipation in the 
world ocean and thus obtained values 
roughly double Miller’s (see also 
Hrosche and Sundermann |1‘>72|) 
An overall dissipation rale ol ~3 5 
X lO’’ watts can be inferred Irom 
the rough estimate of average 
(oceanic and bodily) tidal phase lag 
from gravimetry |.Vwi7/i and Jungch. 
1970). The position appears to be 
that there are large uncertainties, but 
ocean tidal friction appears likely to 
meet the bulk of the dissipation re- 
quirements posed by the lunar accel- 
eration. 

Records of positions and limes ol 
ancient eclipses and ol other eveiils 
involving celestial bodies provide in- 
lorniation on the aver.ige values ol ui 
and h over large segments of histori- 
cal time. The best determined quan- 
tity is an epochal average of u; 
-0.622n, obtained from discrepancies 


between recorded locations of solar 
eclipses and those predicted by as- 
suming zero accelerations between 
then and now Other kinds of data, 
even less trustworthy, are used to 
separate h and cj The necessary in- 
terpretation of sources, almost al- 
ways at second- or third-hand, has 
given rise to energetic controversy 
Until recently, a rather limited 
body ol data, much of it of du- 
bious reliability, was worked over 
by difterent investigators in as many 
different ways with v.irying weight- 
ings according to their individual 
assessments, so that even essentially 
the same data could be used to give 
widely divergcnl results Curott 
I |9(i(i| and Duke |19(>fi| both 
assumed .Spencer Jones's value lor h 
to be v.ilid over the last 3000 years in 
older to deduce values lor cJ Irom 
eclipse data A nuuoi contribution to 
the siib.iecl has been made by New- 
ton 11970, I 97 26 1, who amassed 
and extensively discussed the relia- 
bility ol a much latgei body ol data 
and lound h — 42 ± 6"/ceiilnry ’ 

over the last 2()()() years, m agree- 
ment with the more recent 'modern' 
observations cited above 

Newton’s analysis gives a nontidal 
acceleration of the earth’s spin co/co 

20 X lO"^ 'century over the last 
2000 years or so Duke |1966| in- 
vestigated most of the presently con- 
ceivable mechanisms lor explaining 
the acceleration ol about hall this 
amount given by his analysis and 
found that the largest cotitribution 
was from the postglacial rise m sea 
level and the accomp.inying isoslalic 
adjustment Aflet other geophysic.il 
niechanisnis were examined .ind dis 
missed as much smaller, the bulk ol 
the remaining acceleration was at 
tributed to the eticct (on I I .itid on 
the eatth's axi.il moment ol inertial 
ol a decrease in the gravitational con- 
stant (i with time predicted by cer- 
tain theories ol gravitation I he 
upper limit to |f^| set by this reason- 
ing IS an ordci ol in.ignilndc sniallci 
than that obtained by Shatnro et al 
I I 97 I I I loin lad.ii .iiid ojilic al obsci 
vations ol pl.inets since the advent ol 
A I I Alef, Du ke I |9h'l| leversed Ins 
argument, assumed a conliibulion 
due to (I and interred the average 
viscctsity in the deep mantle by at- 
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tributing the rest of the nontiJal cj 
to the rise in sea level and isostatic 
recovery following deglaciation. 
O'Conru-ll [l‘#7l| has estimated the 
viscosity profile in the mantle by re- 
garding the entire nontidal accelera- 
tion as due to the latter processes. 

The rise in sea level assumed by 
these authors is within the limits set 
by Walcott'^ ll'^72] recent study of 
postglacial eustatic changes. But their 
interpretations neglect the possibility 
of substantial contributions from 
other geophysical effects. The long- 
period CSV indicates that the core 
should be able to store or provide 
angular momentum on a millenial 
timescale I.Vt'^/gi/o/ii, 1 956, 
ter, 1970). f-.lectromagnetic core- 
mantle coupling, limited by Dicke 
[1966) to much smaller effects by 
inadequate arguments and rather 
cavalierly dismissed by Newton 
I 1970, I 97 1 , was studied in detail 
by Yukutake |I972| He found that 
the 8000-year penod change in the 
geomagnetic dipole moment (re- 
vealed by archeomagnetism) would 
give rise to an average tj/w = 5 X 
IO’’/century over the past 2000 
years. Also, G/evik II972) has 
argued that surface readjustments 
due to subcrustal phase transitions 
may mimic postglacial rebound in 
amplitude and relaxation time 

During the past decade, beginning 
with the work of Wells (1963), ef- 
forts have been made to extend esti- 
mates of u) and n back over geologic- 
time by using the fossil clocks pro- 
vided by marine organisms whose 
shell strtictures show daily, monthly, 
and annual ridge patterns. The data 
tend to support an increase in the 
length of day since the Precambnan 
at an average rate more compatible 
with Spencer Jones’s value for n than 
with more recent astronomical deter- 
minations of the ‘modern’ value 
[Runcorn. 19706). There is some 
evidence for changes in the tidal de- 
celeration rate [I’annella et al . 1968, 
Pannella, 1972). In view of the pos- 
sibility that the distribution of shal- 
low seas was very ditferent in the 
past, such changes would hardly be 
surprising However, the uncertain- 
ties in the determinants of ridge 
growth are so great that it seems pre- 
mature to draw any detailed conclu- 


sions from paleontological data re- 
garding the history of the length of 
day. The most recent review is by 
Scrutton and Hipkm )1973). 


Conclusion 

This survey of current knowledge 
and problems of the earth’s rotation 
IS necessanly rough and superficial, 
and 1 can only hope that it conveys 
something of the compelling attrac- 
tion that this global subject exerts on 
Its devotees. There seems little doubt 
that the commg decade will eclipse 
even the enormous strides that were 
taken during the 1960’s in the ac- 
quisition, accuracy, and analysis of 
data and bring much closer to resolu- 
tion several of the tantalising ques- 
tions still presented by the rotation 
of the earth. 
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REPORT ON THE SECOND GEOP 
RESEARCH CONFERENCE 

The Second GEOP Research Confer- 
ence was attended by about 80 persons, 
34 invited and 46 observers. The confer- 
ence was opened by W.H. Munk, general 
chauman of the conference, followed by 
M.G Rochester of the University ol New- 
foundland. who delivered the keynote 
address. The keynote address m its en- 
tirety IS printed on page 769 ol this 
issue. This address and Ihe following 
summaries of the sessions constitute a 
report on this conference. 

This report was prepared by W.M Kaula, 
Kurt Lambeck, Wm. MarkowiU, Ivan I. 
Mueller, and D.E. Smylie. Material con- 
tained herein should not be cited. 


First Session 

Panel on Ohservahons and Coordinate 
Systems 

Chairman: Wm. Markowitz (Nova Univer- 
sity) 

Members: R Anderle (US. Naval 

Weapons Laboratory ), P Bender (Joint 
Institute for l.aboralory Astrophysics). 
C. Counselman (MIT). B Gumol 
(BIH), P Melchior (Observaloire de 
Belgique), J. Ramasastry (NASA.tiod- 
dard), U !■ Smith (NASA. Goddard). 
T.C. Van l landern (U.S Naval Observ- 
atory), G M R Winkler (U.S. Naval 
Observatory) 

The opening session was concerned 
with observational methods used to de- 
termine variations in speed of rotation ol 
the earth and polar motion The chairman. 
Wm Markowitz, remarked that, in addi- 
tion to the classical optical methods (e g., 
use of the photographic zcnitli lube 
(PZT), astrolabe, and zenith telescope), 
techniques had been developed that use 
Doppler shift, laser ranging of Ihe moon 
and of artificial satellites, and veiy'ong 
base line radio interferometry (VLBII 
Since all these methods had been de- 
scrilK-d during Ihe past few years at 
symposiums and in journals, the session 
Would be devoted mainly to giving accu- 
racies of measurements recently obtained 
or expected short’s He noted dial the 
fundamental polar path, to which oiliei 
pole paths are referred, has been deter- 
mined since 1900 by a few stations on a 
common latitude, designated the Inier- 
national Latitude Servica: (ILS) Reduc- 
tions arc currently made by Ihe Inter- 


national Polar Motion Service (IPMS) at 
Mi/usawa Ihe results ate free syslem- 
alieally of errors such as those m star posi- 
tions or in reduction constants. The pole 
path delerinined hy (he Bureau de ITleuie 
(BUI) at Pans is based on time and lati- 
tude observations ot a large number ol 
slalions. 

If (lUinot reported on ille accuracy ol 
measuremcnls ot die ciundinales ol Ihe 
pole and ol nniveisal lime as obtained by 
the classical asironomical inelliods. I wo 
inlernaliorial servicx's are involved in the 
deteiniinalion of Ihe rotation veclor ol 
the earih, Ihe IPMS and llie BUI 1 able I 
lists their ihiel areas ol activity in 1973 
Table 2 lists the error budgets in the coor- 
dinales of the pole, .v and y Table 3 lists 
Ihe error budget in U'M 

G M R. Winkler reported lhal a new 
PZI with a 6.S-cm aperture (2(1 cm is 
usual) IS scheduled for completion in 
1974 Ihe insirumeni will allow numerous 
experiments to Iw perlormed that will 
improve the accuracy ol PZT observations 

R Anderle reported on Ihe path of (he 
pole obtained Irom analysis of Doppler 
observations made since 1969 ol Navy 
navigational satellites. Sporadic results had 
been obtained tor Ihe jH-riod 1965 1969 
(Tirrenlly . pole position is computed on 
the basts ol observations made on at leasi 
one saielhle during each 4H-hour interval 
Ihe random error in the lange diltercncc 
tlroiii Doppler integralionl is typically 10 
cm, which yields a lheoieiK.il precision ol 
50 cili in Ihe laliliide ot a receiver observ- 
ing a polar satellite at an elevation greater 
than It)''. However, uncertainties in the 
evaluation of Ihe earth's gravity ticicl pro- 
duce errors in the computed satellite posi- 
tion of 3 meters amplitude The liiiida- 
nienlal period of Ihe error is about 2 
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TABLE I. Time and Polar Motion Services 



IPMS/ILS 

BIH 

Sources of observational 
data 

S stations 

SO mstruments, latitude, 
60 instruments, UTO 
LITC 

Raw results 

x.y* 

Jt, y. UTl-UTCt 

Smoothed results 


UTl-DTCt 

Program 

Same stars observed; no 
systematic erro' due to 
star position errors 

Diflerent stars observed, 
errors due to star posi- 
tion errors statistically 
reduced 

Common sources of error 

Local drifts of the vertical; 
instrumental errors; 
random errors. 

Local drifts of the vertical, 
instrumental errors, ran- 
dom errors. 


The Bin uses the data of new techniques, but a purely classical solution is maintained 
for comparison purposes. The subsequent data were obtained with the latter. 

•Monthly values. 
tValues every 0.05 year. 
j5-day values. 


TABLE 2. Error Bud^tet in x o:y 


Error Source 

IPMS/ILS 

Error (One Sigma) 

Bill 

Systematic errors in drift 

Errors of the proper motion of stars, cm/yr 

0 

> 3 (combined) 

Local drifts, cm/yr 

2 

I 

Annual errors 

Errors of star positions, refraction, cm 

30 

3t, 

Random errors (insirunent, refraction, observers, etc.) 

5-day mean, cm 


40 

1 -month mean, cm 

100 

30 

1-year mean, cm 

60 

20 


The above v.ilues were obtained in most cases by a study of the residuals of each series 
of latitude relative to the evaluated results. Data are m centimeters at the surfaie 
of the earth; I arc second * 30 meters. The effect of local drifts on IPMS/ll.S data is 
subject to controversy. Note that the random errors are not a while noise They are not 
likely to be rcdu>xd by averaging errors more than 1 year. 
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tabu; 3, B'H Krror Budget in UTl 
Error Source Error (One Sigma) 

Systematic erri' m ilnft 

Motion of equinox, scc/yr ’ 

Local drifts and random errors in proper motion, sec/yr 0.0003 


Annual errors 

Elrrors in star positions, refraction, sec 


Random errors 
.S-day mean, sec 
1 -month mean, sec 
1-year mean, sec 


hours, hut the error includes many super- 
imposed periods of 24/m hours (m = I. 
2.’ • •) Therefore the actual error in the 
latitude determination of a receiver based 
on a single satellite pass is no better than 3 
meters. However, since 20 rcicivers are 
used and since each '.’ceiver observes 

4- 12 satellite passes per day. the pole 
position is determined to an accuracy of 
60 cm on the basis of each 4S hours of 
data. During the latter hall ol 1972, pole 
position was computed on the basis of 
observations of three satellites, the stan- 
dard error of the mean being 22 cm for a 

5- day average. 

D.E. Smith described preliminary re- 
sults on variation ol latitude obtained 
from satellite laser ranging Observations 
made at several stations well distributed m 
longitude would provide the motion of the 
pole. He reported that the present capabil- 
ity of laser ranging to satellites for the 
determination of polar motions is I meter 
in an interval of 6 hours, as demonstrated 
m an experiment in 1970 conducted by 
NASA Goddard Space Elight f’enter A 
single laser tracking station observed the 
variation m its latitude arising Irom polar 
moiion over an interval of 5 months, 
described in Science (I7N. 405 406. 
1972) In essence, the technique uses the 
orbit of a satellite as itsextciiial releieiiec 
system Irom which the variation in lati- 
tude IS determined. 

Current limitations of this technique 
he in out ability to account toi the ob- 
served ix'iturbatioiis of the orbit (the 
reference system). 1 hese pcrtiitbalions arc- 
due principally to the higher harniotiics of 
the earth's gravitational field and to a 
lesser extent to the earth tides. I’rescnt 
(1972) instrumental capabilities probably 


0.0013 


0.0020 

0.00)4 


limit the technique to about 25 cm Irom b 
hours of data However, with the use ol 
future satellites m higher orbits the prob 
lem of the gravity will largely be removed, 
and the limitation will then probable lie 
with ibe earth tides (p.irlicularly the 
ocx-ans) and our ability to compiile Ihe 
perturbations of earth albedo radiation 
pressure. Instrumentation capability, 
which will be It) cm in range accuracy in 
July 1973 and about 3 cm in 1974 1975. 
is not expected to be a major laclor. Con 
scqucntly. it is anticipated that by 1975 
laser ranging to satellites will permit Ihe 
variation in latitude of a tracking station 
to be determined to about 10 cm m about 
6 hours. By I97S. this value will probably 
lx: rcducx’d to 2 3 cm. 

Peter I Bender reported on the use of 
lunar range measurements for deterniniing 
polar motion. Measurements with an 
accuracy ol J5 cm are currently being 
made by the McDonald Observatory ol Ihe 
l^niversily ot Texas three limes per day on 
about three quarters of Ihe days during 
Ihe month, weather permitlnig. A lunar 
ephemeris and a set of topoceniric coirei 
tion parameters for the problem now exist 
that fit Ihe observations within about 4 
meters over a period of 2 5 years. I he laik 
of a better fit is believed to Ik- due to 
uncx-rtainlies in the lunar libration angles, 
improved calculations :bal should remove 
this problem will lx- completed belore Ihe 
endol 197 3. 

A new lunar ranging station in Hawaii 
with an ac’ uracy goal of 2-3 cm is bciru 
constructed by the Inslilule lot Astrono- 
my ol the Univctsily of Hawaii. The use ol 
a Nd-YAG laser with a 200 pscc pulse 
length IS planned I our to six additional 
stations should be in regular o|H'ration in 


other countries by 1975. It should then be 
possible to begin the regular deterinination 
ot polar motion and Huctuation in llie 
earth's rotation rale at intervals down to 1 
or 2 days. T he accuracy expected is about 
that of the basic range measurements 

Charles r. Counselrnan HI reported on 
the use ol VI HI as a potentially iniportani 
technique lor measuring the speed of rota 
Hon ol Ihe earth, polar motion, and also 
precession and nutation Measuremenls arc- 
made with res|H-cl to exiragalaclic ohiecis 
that deline an excellent inertial li.ime 
Technical improvements expected during 
the next 2 years should enable measiire- 
inenl iincerlamlies to Ik- obtained in all 
three coordinates equivalent to a lew cent- 
imelc-rs of displacement at the earth's siir- 
lace. Delay measurements between sta- 
tions 5()()() km apart performed by the 
Mil Haystack VL.BI group with a group 
Irom NASA Goddard Space 1 light Center 
and the University ol Maryland gave a 
scatter of (I I nsec nils, c-()uivalent to 3 i in 
ol displacement, over 6 hours ol oliserva- 
lions on August 29, 1972 

Separate delerininalions ol U l I and 
pole position have not yet Ix-eii in.ide. 
However, Irom tour ex|K-rinienls made in 
1969 and 1972 il is deiliiced that Ihe 
-rrors in value published by Ihe U S Naval 
Observatory must Ik- sniallei than 3 
meters, or I) I arc second. 

Methods are available to enable llie 
c-llecl ol Ihe earth's ionosphere (about 1(1 
cm) and neuli.il aliiiosphere (vaii.ible by 
4(1 cm) to be einniii.ded with an esliiiialed 
uncerlaiiiiy id less Ilian 5 cm 

I Kainas.isiry gave a repoii on VI III 
ex|K-iiinciits carried out by NASA tiod 
dard Space I lighi Ceiiier and the Siiiilh- 
soman Asliophysic.d Obseivalory (SAO). 
which included Ihe lirsi iiieasiiieinenl id 
Ihe rotation ol the eailh llirough iiw- ol 
VI Bl. 1 1lls was made possible Ihiougli the 
.ivailabilily ot III hydrogen masers with a 
Itequency sl.ibilily ol I pari in I0‘*.l2) a 
cal.ilog ot '.|U.|S.II positions with an ai 
curacy of 0 5 arc second, .ind (3) reason 
•ibly accurate estimates of liopospherii 
.mil ionospheric c-flecis Ihe stations at 
Agassi/, M.iss.icliuselts (SAO. H4 It dish), 
and Owens Valley, Caliloinia (( al Icih. 
I 30-II dish), operated in Ihe C bands (49U5 
Mil/) during I ebiuary and March ol I 972 
Ihe mean residual in the lime- delc-t- 
inined, c-ssc-nlially U'l l A I. lor 24 hours, 
was 2H nisc-c (to be regarded .is ,i /eio 
point correclion) over an interval ol 1 2 
days I'his interval was loo short lo detect 
any varialioii in speed ol roialion I he nils 
deviation was .Mlllu wlilcli should be re- 
duced as Ihe leilmiqiie is relnied II is 
pl.iiiiied to nie.isiire both U’l I and polai 
motion troni obscivaiions ol both qii.is.n 
souiccs tat .V and (' li.indsl and water 
vapor wiiircesl.it Kt band) 

l ( . Van I laiidein disiiisscd iiiodern 
deleiinmations ol ihe secid.ii .ii cc-lei.ilioii 
ol the earth t.md moon), the sc-eul.n 
decelc-talioiis ot Ihe moon's ot bii,d nioiion 
and ot the earlh's rale ol roialion are 
closi'ly linked I he accx-lei.ilions idilaiiied 
have Ik-c-ii changed by large amounls sevci- 
al limes in Ihe l.isl 2II0 yeais I he earliest 


().()() It) 


i;stimatc-s were made as tor Table 2 A constant error results from the adopted values 
for the conventional longitudes 
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derived value lor h^|. the ecniennial rale 
of eliange of the moon'i mean motion per 
ivnturv, was +20"/century’ . determined 
about I 780, before it was realized that the 
earth’s rotation was also varyme. Modern 
determination bepan with H Spencer 
Jones's 1939 value for r'lnf which is 
-22" 44/century ’ . Attempts to account 
tor tins variation in terms of tidal ex- 
change ol angular momentum from earth 
to iiiiHui have not yet succeeded All de- 
terminations ot II nj durinyt the last 5 years 
are nearly twice Spenevr Jones's value. 
-52''/century’ by Van I lundern, -40" by 
L.V. Morrison (usmy both occultations and 
the atomic lime scale for about 15 years), 
-38" by C J Cohen and C. Oesicrwinler 
(Spencer Jones’s method, but modern 
observations), and R R. Newton's values 
for ancient observations of -42" at 200 
B.C. and -44" at 1000 A 1). Hencx', it we 
assume Spencer Jones’s value to be ruled 
out by the more recent determination, 
there is no evidence for any chaiifte m/i^j 
over the past 30 centuries. 


Second Session 

Panel on Si'tsmtc and Meteorolonic /•//a ts 
tni ihc I- anil 's Rotation 

Chairman: K l.ambeck (Clroupe de 

Recherches de (leodesie Spaliale, Observa- 
toire de I’aris) 

Members. K. Aki (,MIT), M.A. Chinnery 
(Brown University), I' A. Dahlen 
ll’rincelon laiiversity), R A. Haubiich 
(University of California, San Diego) 

One of the outstanding problems of 
Ihc earth’s rotation concerns the nature of 
the Chandler wobble, the earth’s tree nuta- 
tion with a fret)uency of 0 85 cycle, 'yr As 
the earth is not a )>erfecl elastic body, any 
such nutation will be damped and will 
cease to exist after a suitable time interval. 
I videiKX- of damping of the Chandler 
motion comes directly from Ihc broaden- 
ing ol the spectral peaks centered at the 
Chandler Irequency. However, the 
Chan ‘!er motion has been observed now 
for more than 70 years, longer than the 
generally accepted damping lime, and 
Itiere must be some mechanism regenerat- 
ing the motion. Two such niechaiiisiiis 
that luve been variously proposed are of 
meteorological and seismic origins. 

It the changes m the alnios|)heric 
inerlia tensor are not purely seasonal, 
there could be siillicient power in the 
annual line in the inertia frequency s|iec- 
Irum to susl.im the Chandler wobble, as 
was lirsi suggested In Volte ria in 1895 
and luilhet detailed by Jellreysin 1940 
The study ol Monk and llassan (f>Vop/ii w 
cat Journal. -4. .1 f9, I9b0), however, indi- 
cated that this inecliamsm l.iiled by I or 2 
orders ol magniliitle At present there is 
no evidence lor revising Ihese conclusions. 

The alternative and alliaclive hypothe- 
sis that si'ismn .n livily is res|)onsible has a 
long history Kelvin in lK''b iMathcmatt 


cal and Physical Papers. J. 332, 1890) 
speculated what the effect of sudden 
changes in mass disliibulion would be on 
the as then still unobserved polar motion. 
Munk and MacDonald {The Rotation of 
the liarth. Cambridge University Press, 
19()0) ruled out this possibility as being 
loo small by several orders of magnitude. 
Press's work {Journal of tlcophysical Re 
search. 70. 2395, 1965), however, indi- 
cated that the dislocation tields associated 
with earthquakes were much more exten- 
sive than had previously been recognued. 
Mansinha and Sniylie {Jimrnal of (leo 
phvsical Research. 72,4781, 1967) re cog- 
nized that the changes in the earth’s 
inertia tensor would in consequence also 
lx; much larger Using a simple earth 
model, they indicated that earthquakes 
could indeed excite the Chandler motion, 
and in a later paper {Journal of Geophysi- 
cal Research. 7J, 7661, 1968) they indi- 
cated that there was some evidence to 
support this hypothesis m the astronomi- 
cal data. Since these important studies 
were made, a number of detailed investiga- 
tions have been published with conflicting 
results. One of the objectives of the panel, 
then, if not to resolve the existing differ- 
enix’s, IS at least to determine where the 
differences lie. 

Both I . A. Dahlen and R A Haubrich 
argue that the astronomically derived 
polar motion data are too noisy to show 
any correlation with earthquakes, Dahlen 
argues that one must instead compute the 
excitation functions Ironi the seismic evi- 
dence and determine whether earthquakes 
suffice to drive the Chandler motion This 
compulation was in fact done by SinylK' 
and Mansinha (I ©S, Transactions of the 
American Geophysical Union. 50. 645, 
1969; Geophysical Jixirnal. 23. 329, 
1971), using realistic earth niudcls, and 
they again answered in the affirmative 
Dahlen and Chinnery indicated that recx'nt 
unpublished studies by Israel, Ben- 
-Menahem, and Singh, bv Saito, and by 
Dahicn arg'ic that available excitation is 
loo small by an order of magnitude and 
that these solutions agree with one 
another and with the earlier Smylie- 
Mansinha calculations to within in'/!, 
except for a special case in the latter 
Dahlen then considers that the mathemati- 
cal problem of estir aling the changes in 
the inertia tensor resulting from earlh- 
quukes is solved, although a number of 
inten-sting problems remain. 

M A Chinnery stated that he had 
estimated the polar sbilt that D.ihlen’s cal- 
culations would give for a vertical fault 
model tor the 1964 Alaskan earthquake 
and found it to be an order of magnitude 
sniallei than the polar shifts deduix'd by 
the above authors lor dipping taulls lie 
suggested the following possible causes for 
the differences (I) the nature ol the core 
mantle boundary conditions assumed, ( 2) 
tlie choicx’ ot the equations ol stale in the 
fluid core, (3) the analytical tepresenla- 
lion ol the seismic soiirix', (4) the earth 
model used, (5) the methods used lor esli- 
maling the ciiimilalive earthquake elteci, 
and (6) a numerical error 


D.F. Smylie and L. Mansinha in their 
1971 paper give the first static treatment 
ol the core-maiille boundary conditions, 
which do not require the AdarnvWilliam- 
son law to hold throughout the core. Cer- 
tain aspi’cls ol this treatment now appear 
to be generally accepted, but m any case- 
both Dahicn and Chinnery doubt that the 
inertia tensor is sensitive to the liealmeiil 
ol the core, sina- the inertia ol the core as 
a whole is small in comparison with the 
inertia ot the total earth Smylie thinks 
that the anomalous result that Chinnery 
finds tor vertical faults might he due to 
Dahlen’s use ot dynamic boundary condi- 
tions at the core-mantle boundary. Chin- 
nery doubts whether the free oscillation 
variable y* is continuous at the core- 
mantle boundary in the Smylie-Mansinha 
model, but Smylie indicated that it must 
be in order lor the normal component of 
the solenoidal vector tof which ,i » is Ihc 
radial coefficient) to be continuous across 
the boundary. 

According to Chinnery, the Smylie- 
Mansinha excitation is larger than that 
computed by others using the same set of 
fault parameters for the 1964 Alaskan 
earthquake, this statement, according to 
Smylie, is correct only tor vertical faults. 
The results are, however, in agreement for 
the 1960 Chilean event and the 1964 Alav 
kan event lor a dipping fault model 

Smylie has some doubts whether Chin- 
nery in fact used exactly Ihc same param- 
eters 111 his comparison and indicated that 
the solutions can Ik very sensitive to the 
source parameters. 

SinylK pointed out that the solution is 
sensitive to the choice of mantle model 
(Chinnery was uncertain to what degree). 
In particular, he reported calculations that 
showed that the inclusions of thin soft 
layers in the upper mantle could increase 
the calculated excitation by nearly an 
order ol magnitude. 

The pole shill produ ed by a point 
earthquake is proportional to the earth- 
quake moment, and the largest dynamic 
moment ever measured is that ot the 1964 
Alaskan earthquake It it is presumed that 
there are no thin solt layers in the mantle, 
Dahicn’s new results show that this event 
caused a pole shilt ol ()" 007 3 and that lor 
a U -IS large as 200 at least 10 such earth- 
quakes are required |Ki yeai to account 
lor the observed Chandler power Ihis 
value IS an order ol magnitude larger than 
the actual observed level ol seismic aclivi- 
IV 

To estimate the cumulative ellect ol 
seismic activity on tin- Chaiullei motion, 
we need information on the seismic rec- 
ords ol past earlhi)iiakes K Aki stressed 
that an accurate determination ol the seis 
inn moment ot an earthquake is possible 
only when observations on seisinn s)ieclri 
ate available lor wavelengths much longi'i 
than the sounx' dimension I or most old 
eaillu|iiakes we know only the magnitudes 
as determined by (iulenlKig and Richter 
Semiempiiical relations iKiween the sur 
laix wave magnitude and the seismu 
iiioineni have Ikcii est.iblished by using 
dislocation models ot eaithquakes by 




Brune. based on a u ' dependence of the 
source spectra, and by AWi. who avsumesa 
o' ’ dependence According to Aki. recent 
comparisons of these models with accurate 
determination of seismic moment appear 
to support the w ’ model, although there 
.are some discrepancies when this model is 
applied to the mapmiudes given by (lUlen- 
Ix-rg and Richter In some cases this dis- 
crepancy appears to be due to an overesli- 
malion ol the ('.ulenlH'ry Rubier magni- 
tudes. Aki emphasi/es the ncivssiiy of 
reinvestigating old seismic records to ob- 
tain more reliable estimates of seismic 
moment for the largest earlhi|uakes. This 
need is well illustrated by the Sanriku 
earlhi|iiake of 193.V whose correct magni- 
tude IS S. 3. equal to that of the I9fi4 Alas- 
kan event Accordtng to Kanamori, how- 
ever. the observed seismic moment of the 
latter is about 10 limes greater than that 
estimated for the Sanriku event. Aki also 
mentioned the recent results obtained by 
Brune and colleagues from studying the 
mantle wave magnitudes ol old earth- 
quakes These results mdieale that the 
Alaskan earthquake had the largest M 
and that the Sanriku earthquake ot 193.1 
had the ninth largest during the inter- 
val 1933 1964. AkTs results, eombined 
with O.ihlen's observation that at least 10 
Al.iskan-si/ed earthquakes per year are 
lequired, do not support the theory of 
seismic e.xcilalion of the Chandler motion 
Smylie disagrees with this last statemen'. 

Mansmha and Smylie in their 1967 
paper presented a study of cumulative 
eflecls based on the theory ol random 
walks and using the Tocher-I’ress fault 
length magnitude relation In their 1971 
paper they used this theory to estimate 
cumulative effects based on their calcula- 
tions lor the I960 Chilean and the 1964 
Alaskan earthquakes The Tocher-Ptess 
law and Aki's law give comparable cumula- 
tive eflecls, but Brune’s law gives etiecis 
about an order of magnitude smaller, as 
pointed out by Dahicn Dahlen m 1973 
performed Monte Carlo random walk 
experiments using Brune’s momeni-magni- 
tude relation and Aki's w’ ’relation and 
the Ciutenbetg-Richtcr seismic magnitudes 
updated by [)uda. These experiments did 
not alter his basic conclusions. 

R \ Haubneh discussed his 
reexamination of the latitude data for the 
likely limes of occurrence, the si/e, and 
the direction of steps or pulses m the 
Chandler exeitation The tune scries of the 
astroiiomieally estimated excitation tunc- 
tion IS noisy Tillering ol the exeitation 
removed frequencies outside a hand near 
the Chandler frequency, and this filtered 
function was examined lor steps or pulses 
by a combined method of least squares 
and exhaustive search using dyiianm pro- 
graming. Using lour dillerent models ol 
luting, llaiihrieli arrives at the tunes ol 
oieiirrenee ol the II) most likely iiistaiils 
at whieh bre.iks occurred m the pole piillis 
as determined by the II .S lor 7(1 years and 
tiy the Bill lor 10 years, lie concludes 
ilial there is no correl.ition between the 
events dclenmned from two data si-ts and 
that neither data set correlates highly with 


the limes of the largest earthquakes, the 
largest events as deduced from the pole 
paths apfearing to be unassociated with 
earthquakes. Smylie pointed out that he 
had done a similar study several years ago 
and that the polar motion ineasuremenls 
did not seem to be good enough to draw 
comliistons either way. 

In summing up the question of seismii. 
excitation ot the Chandler motion, W II 
Munk asked four questions ( 1 ) Are the 
results of Smylie and Mansmha and of 
Dahlen in agreement or disagreement? (3) 
It there is disagreement, can it be due to 
the dilference in treatment of the core? 

(3) Is the use ol AkTs cj ’ model for the 
seismic moment a cause for disagreement? 

(4) What IS the situation on the data analy- 
sis with rcs|K'ci to the correlation of the 
pole path w ilh eatihquakes? 

The answer to the first question is that 
there is disagreement D.ihlen says earth- 
quakes cannot excite the Chandler mo- 
tion, whereas Smylie and Mansmha main- 
tain that earthquakes can excite the mo- 
tion The dilferer.'.es in the conclusions 
are largely dependent on wheiher one uses 
Brune's momenl-magmliide ' >w or the 
I ocher Press taiill length nia. iitude rela- 
tion AkTs law, mentioned eatlier, gives 
results similar to those ol the Tocher-Press 
law , but this relation predicts earthquake 
moments at 1 -ast a factor of ten larger 
than the monicnt for the Alaskan earth- 
quake 

III response to the second question, 
Chinnery, Dahicn. and Smylie agree that 
the diftetent treatment of the core and 
core-mantle boundary is unimportant 
Dahlen mdieated that, when he adopted 
the Smylie-Mansinha conditions. Ins re- 
sults changed by only a lew percent 
Smylie indicated that the core treatment 
could become impottani if one were to 
accept the sludgelike core model proposed 
recently by Higgins and Kennedy. 

Concerning the third question. Chin- 
nery stresses that the cumulative seismic 
effects have been treated in difletent ways 
and that this may be the real reason lor 
the disagreement, although there exists a 
factor of 10 divigreernent in the lalciila- 
tion for an individual earthquake Dahlen 
mentioned some eoinputer studies using 
both AkTs ,ind Btune's momenl-inagni 
tilde relationships and stated that Ins con- 
clusions do not change 

There is general agreement between 
Dahicn. Haubneh, and .Sinvlie that the 
.istronomical data are loo noisy to excite a 
high correlation with earthquakes. At the 
time of Smylie and Marisinha’s 196H corre- 
lation study, only highly smoothed pole 
paths had twen published. It later became 
apparent in ex.iinmuig the unpublished 
raw polar iiiotion data that the noise level 
was siibstanlially higliei than was sl.iiiiied 
M.insmila argues that the coiielatioiis exist 
hut that the sigmtii arise ol the soiiel.i 
lions in the presence ol mnsi' is in qiies 
lion The decisive prool will he the delei 
lion ol sonimuing soiielallon 

It earlhqiiiikes do not excite the 
Chandler motion, what does’ ('liniiiciy, 
Dahlen. and others h.ive at various limes 


speculated on a related hypolheiii that the 
lilhosphenc motions that are aseismic but 
'lerky' on a 14-monlh lime scale arc mote 
common than earthquakes themaelvev and 
that they could provide the excitation 
mcehanistn. Mansmha and Smylie made 
the same suggestion in an earlier paper 
tSncncf. If)l. 1137, I96K). 

Meteorological eflecls on the earth's 
rotation were discussed by K. Lambeck. 
Iheir mnuencx's lake two forms: varia- 
tions in the inertia tensor due to periodic 
disiribulions in the atmospheric mass and 
variations in the relative angular moments 
due to the movement of air mass with 
respect to the earth's sutlace. The changes 
in the inertia tensor alfeci mainly the 
polar motion, and this is the principal con- 
tiibution to the annu.il ix-riod The inertia 
changes are ol minor importance lor the 
eatlh’s tale of rotation about the instan- 
taneous rotation axis Iwcause the principal 
transport of air mass is east-west and does 
not contribule sigmiicantly to the product 
ol inertia about the rotation axis. Winds 
ailed the polar motion only il they ate 
ageostrophic. Departures from geostrophic 
motion are, however, small Winds do 
niodily very signilicaiiily the earth's rale 
ot rotation l.amlKck showed that the 
roiial winds explained completely the 
IK-riodic variations m the earth's rotation 
that are not ol tidal origin In parliciilai, 
the variable qiiasi-bieniiial wind oscillation 
IS very clearly rellecled m the astronomi- 
cal data, and thus some conclusions can be 
drawn about the period and the variable 
extent ol the downward propagation ol 
these' winds (Lamlieck and A. Ca/enave m 
(k'ophvsUal Journal. 32. 79, 1973) A 
month-by-month compulation of the wind 
excitation liinclion by l.amiH'ck and 
Ca/enave (dvophystcal Journal, in press. 
1973) also showed a very high correlation 
with the short-period variations in the 
length of day. and there is no need to 
invoke an interior mecTiamsni to explain 
these. The wind excilalion liinclion has a 
typical time scale ol a lew days. Analysis 
of the variations m the length ol day lot 
shoil-pc'iiod tidal terms will Ihcrelore 1 k' 
distorted by the wind coiilrilnilion. Ilieic 
IS also evidence loi loiig-|ic'iiod vaiialions 
III the excitation liinclion I oi the ,^-year 
iviiod of analysis, 19.SH 1963, the long 
IK'iiod vaiiallon lound in the excitation is 
ol the same niagmtiide and sign as the 
long-|H'riod variation in the change of 
k'ngih ot day Thus not all loiig-leini lluc- 
tiialions such as the decade varialioiis can 
Ix' alliibiitc'd to corc'-inantle coupling 


Third .Sc.s.xion 

1‘afwl on ('on .Manllr Inirrarllons 

Chaiim.iii Dl Smylie (York Univeisilv ) 

Meinbeis M I) I iillei lUiiiveisily ol 
I’l 1 1 sbii igh ) . D (iiihhiiis ((IRIS 
NOAAl, M (i Rocheslei (Uiiiveisily ol 
Newloiiiidl.iiid), A loomie (Mil) 

I he subii'c l was inl[oduc'c'd by a hriel 
review presented by D.l . Smylie, the 
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panel chairman The review included dis- 
cuiMons of the possible implications of 
1972 results on the viscosity ol the core 
by Cans and FnKP seismic phases by Boll 
and a comparison of topographic and elec- 
tromagnetic coupling by Roberts. 

Alar Toomre spoke on the general fea- 
tures of the t1uid motions in the liquid 
core. He pointed out that at precessional 
frequencies inertial coupling is dornuiant 
and that the core ought to exhibit the 
tlow features common to all rotating 
Ouids. By citing a result known to classic 
workers such as I’otncare and Kelvin, 
Toomre demonstrated that the reported 
observations of a diurnal wobble of 0".()2 
amplitude must surely be wrong because it 
must be accompanied by a nutation of the 
rotation axis in space of amplitude com- 
parable to that ol the principal nutation 
and this has not been observed. 

Vl.G, RiKhester reviewed the energetics 
of core-mar.i'e coupimg and some 1973 
work by Stacey on the transfer of energy 
to the core from precession Whether this 
mechanism provides enough power to 
drive the geomagnetic dynamo depends 
critically on the strength of the dissipative 
fraction of the total coupling; a factor of 
10’ is in question The conclusion expresv 
ed was that mote detailed study of the 
dynamics of core-mantle interaction 
models IS required 

David (iuhbins pointed out that the 
dynamics ol the earth’s core is not as well 
understood as was once supposed The 
evidence for a large (SO gauss) toroidal 
magnetic field in the cote is very weak 
because the estimates for it ate based on 
the numerical dynamos of Bullard and 
Gellman. which have been shown to di- 
verge This divergence affects the electro- 
magnetic coupling between the core and 
mantle. Also, if one accepts ‘the ideas of 
Malkus. Busse, and ITsasser that the core is 
an iron slurty, the viscosity may be much 
larger than the usual estimates, and the 
VISCOUS coupling would thus be ratsed 

M l). 1 ullct commented on some re- 
cent archeornagnetic results. With im- 
proved descriptions of the geomagnetic 
field reversals that have come about in the 
last few years, it appears that associated 
with the reversal of field direction on a 
time scale of the order of 10’ years there 
is a longer tluctualion in field intensity of 
10* -year time scale The observations are 
consistent with a much reduced dipole- 
field with little change in the magnitude of 
the higher-order harmonics that dominate 
the nondipole field 

riic implications of recent results in 
archeomagnelisin for core-mantle coupling 
were discussed by members of the panel, 
riic princip.il result is that, as the main 
dipole field weakens, the coupling 
weakens, and llie role ol westward drill ol 
Ihe main held iiicic.iscs 


Fourth Session 
1‘ani'l on Long rerm l ariations 
Chairman: W M. Kaula (UCLA) 
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Members: R.H. Dicke (Princeton), 

C.G.A. Harrison (Miami), PM Muller 
(Jet Propulsion Laboratory), W.H 
Munk (University ot ('ahlornia, San 
Diego), li e. Noltiinier (Ohio Slate), 
K.J. U'Connell (Harvard). G Pannella 
(Puerto Rico), and S.J. Peak- (Univer- 
sity of Calilornia, Santa Barbara) 

In an introductory statement WM 
Kaula divided (he subject into two parts, 
observational and theoretical I'xtrapola- 
tion of polar wander and spin into times 
belore systematic astronomic observations 
requires special techniques paleomognet- 
ism for pole locations with respect to 
continents, chronicle analysis lor spin in 
historic times, and tossil grow th bands for 
spm m geologic times. Attempts to explain 
the uiteried variations include ( 1) motions 
m the solid earth lor the nontidal accck-ra- 
tion of .spin (on a lOUO-year time scale) 
and for polar wander and (2) tidal dissipa- 
tion in the oceans and resonances with 
Venus for Ihe tidal deceleration of spin 
throughout geologic lime. Oddly, the 
original causes ol the earth's spin rale and 
obliquity are not customarily included as 
part of the subject. 

H.C. Noltimier summarized the results 
tor virtual paleomagnetic poles. Data now 
exist for all periods back to Cambrian for 
North America, South America, northern 
Furope, Africa, Australia, and India 
Rocks of all periods from these continents 
are radiometrically dated, save for some 
Mesozoic and Paleozoic sequences in 
South America and India. Fewer data arc- 
known for west Antarctica. Russia, 
Siberia, and China. 

These data indicate major breakups 
between continents sinc-e Ttiassic, 200 
m.y. ago. In Paleozoic there was apparent- 
ly also some coming together of separate 
Russian. Siberian platform, and China 
plates. The pattern of virtual pole move- 
ment is mainly one of gradual motion with 
(K'casional rapid motions such as those in 
IX-vonian. Carbonilerous, and Cretaceous. 
Ot these rapid motions all but the late 
Triassic-Jurassic and Cretaceous are in 
common between the continents, and thus 
a motion of the pole of about ().3°/m.y. 
rather than tectonic motion is indicated. 
The Cretaceous pole path, for example, 
differs between South America and Africa. 
(Ills difference indicates the rilling that 
created the South Atlantic In Cambrian 
the vontinents were clumped together in 
Pangaea, the south pole iK-ing in what is 
now North Africa 

Detailed data lor Pricambnan exist 
only in North America. In a study by 
Irving, rapid excursions ol the apparent 
pole, ot the order of (ii)”, occurred llIH), 
1300, 19.S0. and 2.*tl0 m.y ago. Data 
ttoni other continents or tectonic plates 
are insufficient to Jc-tcrinine whether this 
motion was in corimon 

Paul II Muller discussed the- analysis of 
medieval and ancient records of eclipses 
and other astronomical observations to 
determine variations ot the spin. He cen- 
cludes, contrary to Newton, the principal 
recent writer on the subject, that the data 


supplementary to solar eclipses arc insuffi- 
cient to separate tidal and nontidal decel- 
erations. Assuming the moder.i tale for 
tidal deceleration ol about -45"/century’in 
lunar motion leads to a historical mean 
nontidal roiational acceleration ol about 
22 X 1(1 /century’ plus a strong 

oscillation to negative values in the years 
700 KMIO A D. 

W II Munk presented an analysis by 
Cartwright ot tidal records at Brest, 
France, back to 1711. I hey appeal to 
indicate significant changes in amplitude 
and phase ot the ,Wi and Oi components 
that cannot be attributed to harbor modi- 
fications. 

G. Pannella reviewed his work on fossil 
evidence ol days per month and days per 
year For most ol Phanero/oic there are 
quitc reliable results trom molluscan 
bivalves, some specimens showmg daily 
growth increments for more than 40 
months. From recent specimens the 
systematic error is only 1%. The results for 
Cenozoic indicate excellent agreement 
with the new higher dctermmations of 
tidal deceleration in modern times. The 
rale appears to have been much lower in 
Mesozoic, but the data are sparse. In 
Pak-o/oic back to 450 m.y. U P. the aver- 
age- rale was almost as high as (hat in 
Cenozoic. 

Fur Precambrian limes the only data 
are stromatolites, dally laminas of algae 
and sediments 3hese appear to be much 
more subject to interruption and hence to 
giving loo few days jxir month. However, 
tides appear to have existed back to at 
least 2800 m.y. B P , a systematic increase 
occurring in the number of bands per 
group back in time. The best estimates are 
those for Gunfiint time (1750 m.y. B.P.), 
at least 445 days/yr and 36 dayi/month. 

R.J. O'Connell discussed the effects of 
motions in the solid earth and mass trans- 
ters between icx- caps and the oceans. Post- 
glacial data indicate a viscous relaxation 
time of the mantle as low- as 1000 years 
for the ublateness The tsustaiic backsurge 
from the major glacial melting 7900 years 
B.P seems sutlicient to account for the 
mean nontidal acceleration in historical 
lime but not lot Ihe modern observed 
polar drill ol about 1(1 cm/yr toward 
Greenland. Changes in sea level ol about 
1.5 meters in the years 7()0-10()() A.D. 
would be required to account for the oscil- 
lation in nontidal acceleration interred by 
Muller. 

Ihe short viscous relaxation lime r 
indicates that on Ihe much longer lime 
scale ot tectonic activity the earth can be 
treated ,is a sphere: the rate of polar wan- 
der IS proportionate to /ii/|r(C'' zl')|, 
where /ii is Ihe maxiiiuim product of 
iiictlid and ( ' - A ' represents Ihe dlfler- 
enecs ol the principal moments ol inertia 
Iroiii ihosc- loi a lluul e,iiih Hence, as was 
emphasized li> (ioldreich and roonire, 
rapid excuisions ol the pole may not re- 
quire inalor leelonic activity to increase 
1 1 1 but may only entail a passage ol C' - 
A ' through zero. 

W II. Munk reviewed tidal dissipation 
ui the oceans The rc-cxint solution of the 
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global tides by Hendershutt oblair^'d a 
total tidal energy twice that lor an equilib- 
rium tide. Integration of the lunar and 
solar work rates over this tidal surlacv 
obtains 3.0 X 10” ergs/ sec as the esti- 
mated mean dissipation rale, about 50',^ of 
that required to account for the recent 
determinations of lunar acceleration An 
additional increment may come from 
internal tides. The present arrangement of 
continents could plausibly lead to a tidal 
energy anomalously high by a factor of 2; 
the further factor of 2.7 needed to stretch 
the moon’s orbital lifetime to 4.6 X 10’ 
years must come from more limited shal- 
low seas in the past. 

S.J. Pealc discussed the proposal of 
Mipkin that resonane'es between the 
moon's orbit and Venus may have delayed 
the tidal evolution. Inde|scndent detailed 
examinations by ilipkin and by Yoder 
conclude that resonances not dependent 
on lunar orbit eccentricity are at best 
marginally stable against tidal disruption 
and have negligible capture probabilities. 
Yoder further found that lunar eccentric- 
ity dependent resonances are an order of 
magnitude more stable against tidal disrup- 
tion but are definitely unstable against 
variations in planetary orbit eecvntncities 
on a I0‘-year time se;de. 

W M. Kaula summarized the integra- 
tion backward in time of the tidal evolu- 
tion of the earth-moon system to the early 
state of a higher lunar orbit inclination, a 
lower obliquity, and an earth rotation rate 
half that for instability. 1'he angular 
moinentuin, inclination, and obliquity arc- 
all compatible with models of planctesimal 
infall in the later stages of the planetary 
system formation. 

R.H. Dicke reviewed brietly current 
ideas on (! change in the gravitational con- 
stant, and reaffirmed the unlikelihood of 
its detection in earth rotation phenomena. 
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Epeirogeny 
apd Plate Tectonics 

H.W. Menard 


This review is generated by an 
intensification of interest in a classi- 
cal subject of geology, vertical mo- 
tions of till crust and their causes 
The subject was examined qualita- 
tively for more than a century within 
a paradigm of a mainly static earth 
that merely moved up and down. 
The new interest derives from the 
fact that some aspects of vertical mo- 
tion can now be explained semi- 
quantitatively and also frotn the 
realization that, in the paradigm of a 
dynamic earth, some vertical motions 
are related to horizontal drifting 

I'he fact that large regions of the 
earth are warped vertically has been 
known since the beginnings of mod- 
ern geology. Lyvll |lh35| cites Play- 
fair and Von Buch among others who 
recognized the uplift ol Scandinavia 
Likewise, Darwin |IS42| observed 
that the disttibution of atolls and 
elevated islands establishes regional 
warping of ocean basins. The term 
‘epeirogeny’ was coined by Cilbvn 
I 1890| to describe this broad, gentle 
warping, which is such a common 
feature of the history of the whole 
earth. 

Concerning its causes, LycU 
I I8.LS, vol. 2, p. 349| wrote ol the 

rills .irlisle was taken Iriiin the key 
mite address presented at the lliiid CLOI* 
Keseareli ("imferenee nn Vertical Crustal 
Motions and Their Causes, which was held 
at The Ohio Stale Liniversily, Columbus. 
May 31 -June 1, 197 3. 


evidences of uplift of Sweden, 
‘Whether we ascribe these to the 
expansion of solid matter by con- 
tinually increased heat, or to the 
liquification of rock or to the crystal- 
lization of a dense fluid, or the 
accumulation of pent-up gases, iii 
whatever conjectures we indulge, we 
can never doubt for a moment, that 
at some unknown depth the struc- 
ture of the globe is in our time 
becoming changed from day to day, 
throughout a space probably more 
than a thousand miles in length and 
several hundred in breadth.’ 

L.vidence of the existence of 
epeirogenic warping accumulated 
from many sources during the cen- 
tury that followed. Broad plateaus 
have been elevated and eroded, and 
broad basins depressed and filled 
with sediment without signilicant 
crustal deformation. I’eneplanes aiul 
shorelines have been similarly 
warped. Despite the prevalence ol 
these phenomena, their causes re- 
main conjectural. 

At pie.sent it appears that the 
causes of epeirogeny may be divided 
into tour useltil classes and the re- 
sults into two. I he causes are extei 
nal loailnig or unloading, beiulnig id 
tectonic plates plunging into siibdiu 
tion zones, inlet nal density changes, 
and dynamic ellecls ol maiille 
motion. 1 he results depend on 
whether the cause is in the lilho- 
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sphere or below and whether the 
lithosphere is in motion relative to 
the asihenosphere I he results arc 
vertical or radial from the center of 
uplill if drifting is not occuiringor it 
the cause is within the lithosphere It 
the cause is in the asihenosphere or 
deeper and the lilhospheie is drilling, 
the cause may teinain fixed or 
niigrale at a ditlereni velocity. I'lius 
the expression ol epeirogenesis may 
move across the surlace ol a plate. 
.Some ol the efiects may lelleci the 
lateral motion. Visualize the litho- 
sphere rilling over a bumpy asiheno- 
sphere Different phenoniena may 
occur on the updiift and downdrilt 
slopes ot bumps 

I Ills briel review attempts to span 
the range ol the more iinportaiil 
epenogenic phenomena and their 
causes but focuses on the most re- 
cent developnienis, which have more 
immediate implications for lurlher 
research 


txlernal Loading and Unloading 
I o.iding ol the ciusi may occur 
by localized accuinulalion ol sedi 
ineni, volcanic lock, watei. or ice. 
unlo,iding by eiosion. evapoialion. oi 
nielling I hese oidinaiy geological 
plieiioinena depress oi elevate the 
undeilying and sniioiinding ciust by 
amounts that depend on the mass 
and dimensions ol the loads As small 
a lealure as Lake Mead depressed the 


i. 


crust as much as 18 cm in IS years 
merely by elastic compression 
\Raphacl, 1^541. Larger features 
also produce epeirogenic effects by 
elastic bending, plastic flow, and 
phase changes \ Hroecker. I 962 1 . 

The volcanoes of the llawaiiaii- 
Fmperor line formed one by one as 
the lithosphere drifted over a hot 
spot in the mantle [Wilson, |963|. 
Fach enormous growing volcano has 
depressed the crust below and also 
deformed the surrounding sea floor 
into a moat and arch [Divtz and 
Menard, 1953. Hamilton, 19571. 
This gentle warping, 500 1000 
meters high and extending 500 km 
from the islands (Figure I), wraps 
around the end of th' archipelago 
and thus develops updrift from the 
active hot spol. It still persists on 
each side of I he l inperor seamounts 
[Menard, |9()4|, which are more 
than 40 X 10* years old [Claque and 
Jarrurd, |973|. 


1 ransient effects of loading can be 
studied at the sites of IMeistocene 
lakes and ice sheets. It was dilhert's 
[18901 recognition of the elevation 
of the crust after the evaporation of 
Lake Bonneville that caused him to 
create the term ‘epeirogeny.’ Sub- 
sequent study [Crtllenden, 1963] 
confirms that the crust subsided un- 
der an average load of 145 meters of 
water 15,000 25,000 years ago, 
shoreline features developed, and 
these have been elevated as much as 
64 meters since the load was re- 
moved. 

The effects of loading and un- 
loading associated with Pleistocene 
ice sheets were much greater. Scandi- 
navia has recoiled 275 meters since 
the ice melted [Daly, 1934). I he 
elevation still continues at more than 
1 1 nim/yr in the northern Baltic Sea, 
the obvious results being noted by 
l.yell. .\t the former margins of the 


ice the crust is sinking I mm/yr. 
Similar epeirogenic phenomena have 
occurred in eastern North America 
[Walcott, 19721. In the last 6000 
years the crust under the former cen- 
ter of the ice sheet has risen 138 
meters and is rising now at 20 ± 5 
mm/yr. A free air gravity anomaly of 
-35 mgal suggests 300 ± 120 meters 
ol further rebound before isostatic 
compensation is restored. Around 
this and all other regions of post- 
glacial rebound is a bell of peripheral 
submergence about 2000 km wide. 
At present the coast of Virginia Ls 
sinking 4 mm/yr, and tens of meters 
of subsidence have occurred in some 
places. 

Fpeirogenic warping that is the re- 
verse of the glacial sequence presum- 
ably occurred in the Mediterranean 
area. The sea evaporated until it be- 
came a desert 3 km below sea level 
about 6 X I O* years ago [Hsu, 
1972). Thus the crust in the center 


of the basin was first warped upward 
by unloading and was later depressed 
by reloading Presumably, a wide belt 
of peripheral sinking and then eleva- 
tion also formed The occurrence of 
salt basins around the margins of 
Africa and elsewhere suggests that 
evaporation and flooding may be 
more Irequent causes ol epeirogenic 
warping than glaciation is. 

Bending at Subduction Zones 

The lithosphere bends upward and 
breaks in tension at the surface as it 
curves over to plunge into a subduc- 
tion zone [,Siauder, 1968). This 
action produces fault scarps, tectonic 
lienches, and small grabens [l.udwift 
ft ai, 19()6|. The upward bend is 
200 300 km wide and 300 500 
meters high and is accompanied by a 
free air gravity anomaly of up to -t-SO 
mgal I Talwani, 1 97 1 1 . 


This epeirogenic warp is a perma- 
nent dynamic feature during subduc- 
tion and elevates atolls and volcanic 
islands However, they speedily are 
subducted, thus ancient evidence of 
this phenomenon is inherently rare 

Density Changes 

As l.yell I 1835) so briefly indi- 
cated, there are many ways m which 
the density may change in the in- 
terior of the earth and cause epeiro- 
genic warping at the surface. 1 he 
reader is referred to Heloussov 
Il9h2| for a critical review ol the 
extensive geological literature on this 
subject. Much of the older literature 
IS concerned primarily with relating 
horizontal thrusting aiTd folding in 
orogenic bells to sliding or spreading 
away Irom epeirogenii elevations 
[run Heinmelen, |935, |9(,(,. Puh, 
|937, Wdlis. r»29| In lontrast. the 
more recent lileialure liuuses on 
epeirogeny itself as an el led ol 
cooling ol Hie litlios|)liere oi phase 
changes at various defiths. 

Hie lithosphere Ib.ii is created at 
s|)reading centers ,s elevated to lorn; 
midocean ridge crests, aim it sink > as 
It ages and spreads to the ridge 'tanks 
[Millard, |9fY9| Several laclors in 
the ast heliosphere in'Iuence the 
depth at a ridg" crest [.Uider,on et 
ai, 1973) ( I' igure 2) Likewise, over- 
riding ol ast heliospheric bumps intro- 
duces variations in the history of 
sinking of the Hanks. Nonetheless the 
average rate of sinking is quite uni- 
lorni lor crust of a given age (Figure 
3) It averages 90 m/IO'’ yr for the 
first lO m.y . 33 m/IO'’ yr for the 
period from lO 40 rn.y . and 20 
m/lo‘ yr from 40 70 m.y Al- 
though It varies regionally, in any 
given region the depth is relatively 
iinilorm lor crust ot a given age 
[Selater ct ai, |97l. Mi kenzie and 
Selater, |97||. The regional depth- 
age curve can be used as a standard 
to prepare a depth anomaly map 
after correcting for sediment loading 
[Menard, I97,fu| Anomalies in the 
eastern Pacific have a leliel of +700 
III 200 meters and wavelengths of 
500 2000 km. they cont inue across 
tiacture zones and thus are indepen- 
dent ol age (Figure 4). Fhese anom- 
alies obscure the depth .ige curve 
where the crust is more than 70 m.y 
old. I he observed heal How and sink- 
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Fig. 1. Bathymetric profiles across moats and arches produced by the load 
of oceanic volcanoes I from Menard. I16d/. 
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h'ig. 2. The close correlation between free air ftravity an<l depth oj the crest o/ the mid A tlantie ndye iJrom 
Anderson et al., 1973/ . The large positive gravity anomalies probably are caused bv upward convection in the mantle. 


ing of the oceanic lithosphere for 70 
m.y. can be explained to a reasonable 
approximation by the cooling of the 
lithosphere after it solidifies al a 
spreading center \Sclater and Tran- 
che teau, 1970, Parker and Olden- 
burg, 1 973 1 . The depth anomalies 
are a consequence of the overriding 
of asthenospheric bumps [Menard, 
|973«| or other epeirogenic phe- 
nomena. 

Among the other phenomena the 
most important probably are the 
phase changes that occur because the 
crust and mantle consist of silicate 
minerals that assume different 
atomic configurations according to 
the temperature and pressure. The 
m^jor phase changes of interest have 
been summarized by Knopoff 
( 1969] . Many of the typical silicates 
of continental crust are transformed 
to denser phases at about 30-kni 
depth, the feldspars, for example, 
become garnets. The basalt of the 
oceanic crust is transformed to eclo- 
gite at about the same depth in sub- 
duction zones. The pressure on a 
mineral at depth can readily be 



Fig. 3. The correlation of depth and age of oceann crust in the north Pat die 
compared with a steady state model o] subsidence due to cooling of the 
lithosphere I from Sclater et al., 1971 f 
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Fig. ■4. Depth anomalies m the northeastern Pacific relative to the empirical age-depth relationship shown in Figure .? 
(from Menard, /y7Ja/. 


changed by erosion or sedimentation 
above, and the temperature can vary 
with heat flow from below. Thus the 
phase boundaries migrate up and 
down, and the surface above is 
warped epeirogenically. The effects 
of surface loading and unloading are 
reinforced [O'Connell and Wasser- 
burg, l‘>67, 19721, and enormous 
thicknesses of sediment, such as the 
10 20 km under the Black and 
Caspian Seas [Menard, 1967|, can 
accumulate in basins only 5 km deep. 

The phase changes at about 30-km 
depth occur mainly within the litho- 
sphere and thus drift with it. Phase 
changes deeper than 100 km do not. 
Two minerals that are probably com- 
mon in the upper mantle are en 


statite (MgSiOa) and forstente 
(MgjSiOa). At a depth of about 400 
km, enstatite alters to spinel and 
stishovite, its density increases from 

3.1 to 3,4- 3.5 g/cm^ . At about bOO 
km, forsterite transforms to the spi- 
nel form with a density change from 

3.2 g/cm^ to 3. 5-3. 6 g/cm’ . 

The lithosphere may be defined as 
the relatively rigid layer above the 
melting temperature I.V<7<j/er and 
Francheteau, 1970, Parker and 
Oldenburg, 1973) Thus the bottom 
of the lithosphere is elevated or de- 
pressed by any deep phase changes 
that may occur. However, the preva- 
lence or importance of t.nis phe- 
nomenon IS at present unknown 


Mantle Motion 

Free air gravity anomalies with 
amplitudes of tens of milligals and 
wavelengths of thousands of kilom- 
eters (F'lgiire 5) have been discovered 
by analysis of perturbations in satel- 
lite orbits [Oaposi hkin and Lam- 
beck, 1 97 1 1 . The rigid lithosphere is 
too weak to sustain such broad 
anomalies, and the asthenosphere 
below IS even weaker It follows that 
the anomalies are the coiise(|iiences 
ol convection in the mantle 
[Mi Kemie, I9b7, Kaula, |972|, 
which causes a relief to form on the 
upper surface of the asthenosphere. 
Upward convection causes positive 
gravity anomalies and anomalously 
shallow depths [.Morgan, 1972, 
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Anderson et al., 1973, Menard, 
1973a), 

Epeirogenic warping of a kilom- 
eter or more occurs as the litho- 
sphere drifts over asthenosphcric 
bumps. The question of the persist- 
ence of the bumps will be examined 
in the next section, 

Epeirogeny and Drift 

The relationship between epeirog- 
eny and drift can readily be visu- 
alized in terms of rates of motion of 
the lithosphere relative to the as- 
thenosphere. The type of epeirogeny 
observed in the Russian platform is 
probably typical of a motionless 
lithosphere, Lithofacies maps show 
the shoreline drifting across the plat- 
form during Paleozoic and Mesozoic 
time, but the main loci of deposition 
move hardly at all [Bcloussov, 
1962), Where thick sandstone ac- 
cumulates at one time, thick shale 
accumulates at another. In this way a 
few kilometers of sediment is de- 
posited in basins a few hundred 
kilometers in diameter during a 
period of more than 10* years, 
Epeirogeny had geological effects, 
but they are visible mainly because 
the platform environment was other- 
wise stable, 

A more active .stage of epeirogeny 
has formed great domes in E,ast 
Africa, the Rhine region, the Baikal 
region, and elsewhere. The domes are 
1-2 km high and 10^-10^ km in 
diameter and persist for 10^-10* 
years. The Rhine region is an exam- 
ple of a small but otherwise typical 
feature |C/fW, 1939) . An area about 
300 km in diameter wis warped up- 
ward during Mesozoic and early 
Tertiary time. In the Oligocene a 
graben formed along what are now 
the upper and lower Rhine valleys, 
with a branch into Hesse. Tertiary 
and Quaternary vulcanism accom- 
panied the faulting. 

The great grabens that form on 
epeirogenic domes are 50-200 km 
wide and 200-2000 km long and are 
bounded by steep fault systems 1-2 
km high. They characteristically oc- 
cur in groups of three, radiating from 
a point near the center of the uplift, 
but other patterns occur (Figure 6). 
Wilson 11972) has proposed that the 
initial fracturing of immobilized lith- 
osphere occurs along such grabens. 


Domes may form anywhere without 
regard to the distribution of conti- 
nents or ocean basins. As the doming 
continues, rifts extend outward and 
eventually intersect At this stage the 
lithosphere is broken into plates, 
which may become mobilized by the 
same mantle convection that causes 
the initial doming [Wilson and 
Burke, 1973). Heat intrusion along 
the rifts causes thermal expansion 
and uplift of mountains such as those 
that border the Red Sea [Kinsman, 
1973). Cooling subsequently causes 
subsidence and produces the conti- 
nental shelf [Sleep, 1971). 

This hypothesis has been strength- 
ened by incorporating the related 
origin of aulacogens, which are sedi- 
ment-filled grabens that trend at 
steep angles to other structures in 
many continental shields j5harrii.v, 
1955) . They are 100-300 km wide, 
and many are more than 1000 km 
long. They die out in the interiors of 
platforms but arc deep enough to 
accumulate geosynclinal thicknesses 
of sediment at the edges [,?alop and 
,'icheinmann, 1969). Aulacogens may 
be viewed as ‘failed arms’ of triple 
junctions with regard to plate tecton- 
ics [Dewey and Burke, 1973). They 
occur at reentrants in shields because 
the other two arms became spreading 
centers. The Benue trough of the 
Gulf of Guinea is an example of a 
failed arm that can be related to the 
opening of the Atlantic basin (A'mg. 
1950, McConnell, 1969) . It contains 
4-8 km of Cretaceous and Cenozoic 
rock, beginning with a marine se- 
quence of Early Cretaceous sedi- 
ments that have been broadly folded 
[King, 1962). The two buried 
•roughs of the Argentine continental 
shelf [fwmjf cl al., 1963) probably 
are similar aulacogens. They arc 
150-200 km wide, at least 700 km 
long, and 6-8 km deep (Figure 7). 
They occur near the point where the 
change in trend of the southwest tip 
of Africa formerly rested again.st 
South America [Bullard el al., 
1965). 

Gondwanaland may have frac- 
tured along rifts connecting triple 
junctions over hot rising mantle 
plumes [Morgan, 1972, Wilson, 
1972). Indeed the plumes or lines of 
divergent convection that caused the 
separation of India may still persist 
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f'lg. 6. Ki/ling over broad low con 
linenlal domes. The eonlours indi 
ivle ihe shape of the epeirogenic up- 
lifl lafler Beloussov, /V62/. 


in the southwestern Indian Ocean 
[Menard, 1973/»), where they cause 
a complex pattern ol intense positive 
gravity anomalies. India, which has a 
roughly equivalent shape and size, 
was over the present location of 



Fig 7. Aulacogens and probable 
aulaeogens lhal formed when ihe 
Allanlic began lo open lafler Bullard 
et al., /965, Km^t. /95W, F wing et al., 
196.1/. 
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Fig. 8. (Top) Fru'fnution of plate boundaries. Rifting produces incipient 
triple junctions over asthenospheric bumps that are elevated by mantle 
plumes. The triple junctions are connected by extending rifts that tend to 
follow less intense lines of upward convection. (Bottom) Drift of plate 
boundaries. The tectonic plates and the boundaries between them drift ac- 
cording to the rules of plate tectonics. The mantle plumes, asthenospheric 
bumps, and associated gravity anomalies may remain fixed relative to the spin 
axis, as was proposed by Morgan ( 197?j , or they may also drift or decay. 


these anomalies when it separated 
from Gondwanaland 180 m.y. ago 
[Dietz and Holden, 1970], 

A new epeirogenic regime arises 
when an episode of drifting begins. 
In addition to the opening of rifts 
and vulcanism the lithosphere begins 
to ride over asthenospheric bumps, 
and epeirogenic phenomena migrate 
(Figure 8). Faure [1971, 1972) has 
identified epeirogenic waves moving 
through Africa by their effects of 
slowly alternating erosion and depo- 
sition. They have the following char- 
acteristics: height, 1 — 10 km, wave- 
length, 10^-10* km, period, 
lO’-lO* years. The speed, 0.1-10 


cm/yr, is not determined accurately 
enough for the present purposes by 
the sedimentary record. However, 
the fixed hot spot hypothesis indi- 
cates very slow motion of Africa over 
the mantle [Burke and Wilson, 
1972] and thus slow epeiU'genic 
warping. 

Another example of the effects of 
slow drift over an asthenospheric 
bump can be seen in western North 
America. At present a large positive 
gravity anomaly of the type attribut- 
ed to rising mantle convection exists 
in the region. The continent has thus 
been riding over a substructure of 
considerable relief’ [Gilluly, 1973, p. 


509) . The asthenospheric bump, and 
thus the convection, apparently has 
persisted since early Mesozoic time. 
Gilluly suggests that flow away from 
the asthenospheric bump may have 
contributed to the variations in crust- 
al thickness and to the formation of 
the Uinta and Owl Crci.!; ranges, 
which are parallel to the dominant 
drift direction. Drifting over the 
bump may also have triggered the 
‘orogenic wave' that migrated across 
the region from west to east from Ju- 
rassic to Paleocene time at an average 
rate of about 2 cm/yr for roughly 
10* years. 

Some effects of faster drift over 
asthenospheric bumps can be seen in 
the Pacific plate, which is drifting 
past hot spots presumably fixed in 
the mantle at roughly 10 cm/yr 
[Morgan, 1972, 1973, Clague and 
Jarrard, 1973) in the central Pacific. 
In the Atlantic, the Azores, and Ice- 
land, hot spots lie relatively near the 
center of asthenospheric bumps over 
mantle plumes. In the I’acific, how- 
ever, the hot spots are shifted from 
the centers of the bumps to the up- 
drift sides [Menard, 1973u|. The ac- 
tive hot spots associated with the 
Hawaiian and Austral islands and the 
recently active ones associated with 
the Society and Marquesas islands all 
lie on the updrift sides of broad posi- 
tive gravity anomalies (Figure 9). The 
Pratt-Welker chain of seamounts in 
the Gulf of Alaska is on the updrift 
side of a large depth anomaly, but 
the gravity anomaly is unknown. 
Some of the hot spots have been ac- 
tive for more than 40 m.y., the asso- 
ciation .suggests that the bumps and 
gravity anomalies have been equally 
persistent. 

The uplift of atolls can also be re- 
lated to overriding of asthenospheric 
bumps, and it is probable that both 
carbonate deposition and the locus 
of turbidites are affected by overridv 
in's, but, if so, these effects have not 
been detected. 

In sum a wide range of geological 
phenomena can be explained by dif- 
ferences in the rates of epeirogeny 
and drift. Most of the relationships 
imply that the present regions of 
broad uplift have been such for 
10''- 10* years. 
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Oceanic Eprirogeny 

Kpeirogenic warping in ocean ha- 
sins depends on a combination of 
lithospheric cooling and overriding of 
asthcnospheric relief that is amenable 
to semiquantitative analysis. With 
due consideration to the direction 
and intensity of vertical motions the 
ocean basins can be divided into sev- 
eral epeirogcnic realms, which are 
characterized by different aspects of 
marine geology. 

A few numbers must be developed 
before discussing the epeirogenic 
realms, among them are the rates of 
vertical motion caused by overriding. 
Anderson et al. 1 1973] have found a 
relationship between gravity anom- 
alies and the depth of niidocean ridge 
crests, which indicates that very 
broad asthenospheric bumps have 
slopes of as much as 1.3 m/kiii. In 
the eastern Pacific, depth anomalies 
have slopes as great as 5 m/km for 
100 km [Menard, |973a|, and they 
probably are widespread. Drift rates 
are in the range of 1-10 cm/yr, and 
this means that overriding of very 


broad asthenospheric bumps can pro- 
duce vertical motions of 13 130 
m/IO* yr. Overriding of local bumps 
can result in vertical motion of 
50 500 m/10‘ yr 

Another number that is useful is 
the rate of truncation of volcanic is- 
lands because it can indicate the time 
during which a drowned ancient is- 
land was at sea level and therefore 
neither sinking nor rising. The width 
of the insular shelf was measured on 
published charts of dated islands in 
the Canary group [Posshard and 
Macfarlane, 19701 and the Hawaiian 
group [Jackson et al., 1972, Claguc 
and Jarrard, 1973). It ranges from 
about 2 to 8 km around the 
Hawaiian Islands, aged I -6 m.y., and 
also ranges from 2 to 8 km around 
three of the Canary Islands, aged 
12 lb m.y. The late of shelf widen- 
ing can be approximated by a simple 
model in which wave erosion at a 
constant sea level removes rock at a 
constant rate from a straight coast, it 
is independent of the slope. It ap- 
pears that if requires tens of millions 


of years to cut a flat platform across 
a large oceanic volcano if relative sea 
level is constant or even if it fluctu- 
ates as it did in the Pleistocene. Even 
a series of terraces, such as occur on 
ihe top of Hori/on guyot [l.onsdale 
et al., 19721 , may require 10 m.y. to 
cut. 

The first of three epeirogenic 
realms of the ocean basins consists of 
ndge crests and crust less than 10 
m.y. old. This crust sinks at an aver- 
age rat't of 90 m/IO‘ yr because of 
lithosphiric cooling. At the same 
time it uses or sinks as much as 13 
meters if it drifts at 1 cm/yr over a 
normal bioad asthcnospheric bump 
or I 30 meiers if It drifts al lOcm/yr. 
The observed spectrum ol depth ver- 
sus age profiles can K- explained hy 
drifting up l>umps at speeds to about 
7 cm/yr and down bumps at about 3 
cm/yr (l-igures iO and il). Within 
this realm tin normal tendency is to 
sink relatively rapidly, ind it is not a 
likely site for the truncation ol large 
guyols. II lithospheric cooling is 
reinforced by rapid dritting down a 
bump, sinking can occur at 200 
m/IO'’ yr The circumstances on the 
west flank of Ihe Juan de E'uca ridge 
approach this situation. It appears 
that sinking has been extremely rapid 
[Mel.son and .Son kin, I972|, which 
may account for the deep lenaceson 
the flanks ol Cobb seamount on this 
ridge |5(7iM’(/rr;. 19721. 

The second epeirogenic realm 
consists of the flanks of ridges with 
crust aged 10 70 m.y Lithospheric 
cooling causes a tendency to sink at 
20 30 in/10‘ yr. This can be bal- 
anced hy riding up a broad sleep 
bump at only 2 3 cm/yr or gentle 
humps al faster speeds, thus it is 
hardly surprising that sea floor pro- 
files show reversals m the depth-age 
eurve in many places [Menard, 
19b9| 

riiis second realm is the ideal 
locus for Ihe truncation of guyots, 
provided that Hie lilliospliere is drift- 
ing rapidly relative to the aslheno- 
spheie Most guyots are m the central 
wc-slerii I’.icilu |//e.vv, \'>A(< . Menard, 
|9<i4|, (hey are large vohaiioes that 
weie triiiu.iled (or eonceiv.ibly ion- 
striicted) III water that was com- 
monly only 3 5 4,0 km deep I he 
Darwin rise was a broad epeirogenic 
upwarp whose existence about 100 
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Fig. 10. Profiles of subsidence versus age of the sea floor ffrom Menard, 
19691 . Depth profiles have been normalized to the .same depth at zero age in 
order to eliminate variations shown in Figure 2. Individual profiles show 
elevation instead of subsidence and also subsidence at accelerated rates at 
various limes. They correspond to profiles of the depth anomalies shown in 
Pigure 4 and probably are produced by overriding aslhcnosphcric relic] at 
different rates as indicated in Figure 1 1 


m.y. ago was postulated on the tact 
that the guyots were truncated in 
water typical of midocean ridges 
\Mcnard. I ‘>64). It is now known 
that the postulated ridge was not a 
center of spreading \l. arson ami 
Chase, l‘)72|, but that fact in no 
way invalidates the evidence of shal- 
low water. The Darwin rise may he 
considered to be evidence of an an- 
cient asthenospheric bump. 

The exact age of the crust under 
the central Pacific guyots and atolls 
remains uncertain, but drilling and 
magnetic mapping provide adequate 
dating for the present purposes 
\!.arson and Chase, I ‘1721 . The mid- 
Pacific mountains rest on cnist aged 
about 110 140 m.y., but many of 
them were truncated volcanic plat- 
forms at sea level during the period 
100 110 m.y. B. P. \llamilton, 

I ‘156 1 . If they had formed at the 
ridge crest, they would have sunk loo 
fast to be truncated unless they were 
riding up an asthenospheric bump. If 
they had formed on crust 30 40 
m.y. old, they would have been in 


deeper water unless they were on a 
bump. Drillint; at P.niwelok \Kulp. 
I‘*631 and Ilori/on giiyot \ Wintcrcr 
el a!., I‘17|| indicates that emplace- 
ment of sh.illow water fossils oc- 
curred during I he period 50 65 m.y 
B P., when the crust was alieady 
60 70 m.y. old It should have been 
more than 5 km deep but was only 
about 3.5 km deep, and therefore it 
was again passing over an asl hemi- 
spheric bump. 

The third realm consists of the 
main ocean basins with cnisi older 
than 70 rn.y. l.ithospheric cooling is 
either complete or so slow that it 
produces liitle continuing subsid- 
ence. The vertical motions caused 
by overriding mantle relief, however, 
are as intense as ever and therefore 
exert a dominant influence on the 
depth. In this realm, hot spots may 
generate volcanoes where the lilho- 
sphem IS moving very rapidly ovei 
asthenospheric bumps. However, few 
of them, at least in the Hawaiian and 
Austral islands, seem destined to be- 
come guyots In the Hawaiian group 


they are still active when they reach 
tile crest of the bump, and they ride 
down the downdrift side of the 
bump too fast to be truncated 
[Menard, l‘173al. In the Australs 
and Cooks the volcanoes generally 
continue to ride upward and thus to 
be elevated until they disappear into 
the Tonga trench. 

‘Midplate rises' are distinctive 
elevations that occur in the third 
realm, persist for long periods, and 
drift with the plate [Menard, I‘l6‘)|. 
Typical rnidplate rises are the 
Shatsky rise in the northwestern 
Pacific and the Manihiki and .Solo- 
mons rises in the southwestein Pacif- 
ic. The Shatsky rise has an area of 
about 5 X 10* km’, a relief <>l about 
2500 meters, and a depth above 
3000 meters The scdimentaiy cover 
is SOO loot) meters thick l/ K'irig ct 
al., I‘t66| and consists ol Cretaceous 
and yoiingei calcareous oo/e and 
clay [I'lscher and licczen, I ‘r7 1 | . 
The Manihiki rise is very similar with 
regard to area, elevation, rebel, thick- 
ness of sediment, and age [lIcczen ct 
al., I‘J66|. The Solomons rise is also 
similar, but the sedimentary cover is 
cut by normal taiilting | WooHard ct 
al., l‘»67| 

It appears that rnidplate rises 
originate within plates, and it is cer- 
tain that they are actively elev.ited in 
the second or thud epeirogenu re .dm 
[ .Mcnaril, I ‘>6‘>| I he l.ict that some, 
at least, existed as the shallow sites 
ol earl'onate sediment more than 
lo” years ago amt are still sh.illow 
indicates that they diilt with the 
plate. Seismii retraction nieasuie- 
meiits ot the Shatsky use show an 
exceptional thnkness ol roughly 4 
km ol volcanic rock, a relatively 
normal oceanic layer, and an ai'p.ir- 
enl lens of low velocity mantle as 
much as 10 km thick. The thick vol- 
canic rock would produce some 
shoaling, and the low velocity lens 
may be the locus of a phase change 
[Den cl al., I‘)6‘)|. The I auripik 
New (hiinea rise, another rnidplate 
rise, has a volcanic layei like the sin- 
rounding basins, but an oceanic lay- 
ei, or low velocity root, 12 15 km 
thick [Den cl al., I ‘>7 I | H probably 
IS this root that has caused the uplift 
of about 2 km, which has (lersisted 
about 35 m.y. [ Winterer ami Kicdcl, 
l‘f7l |. 


59 






f 


4r 


CO 

tt 

LlI 

h- 

LU 


eg 

o 


8h 


121 - 


c 

X 

t- 

0- 4 


Oh 


8 


12 


0 

r 


10 m y. 

— I 




40 

I — 


50 m y 

— I 



slope 1.3 m/l<m 






10 m.y 


slope 5 m/km 


AGE in m.y 


1 I 

40 50 m.y. 


Fig. II. The eomnined effects of lithospheric cooling and overriding of 
asthenospheric relief at different speeds up<?n normalized profiles of depth 
versus age of oceanic crust. The solid line indicates the effect of lithospheric 
cooling atone; the dashed line, cooling plus overriding up or down slope at I 
cni/vr, and the dotted line, cooling plus overriding up or down slope at 10 
cmlyr. Note that very fast drifting up even a gentle slope produces elevation 
of crust of any age. Slow drifting produces elevation only if the crust is old 
and moves up a steep slope. 


The cause of niidplute rises is cer- 
tainly within the lithosphere and 
long persistent, the most probable 
causes are phase changes near the top 
of the mantle and thermal expansion 
due to heating over hot spots. 

Conclusions 

I'pcirogcnic waiping has impor- 
tant geological effects on continents 
anil ocean basins. .Some effects are 
transient, .some persist for lO" years 
or more. Fpeirogeny has various 
causes: some are within the litho- 


sphere and drift with it, .some are 
below and do not 

One type of epeirogenic doming 
occurs over asthenospheric humps, 
which apparently are caused by rising 
plumes or limbs of mantle convec- 
tion. It is possible that the initial dis- 
ruption of lithospheric plates tends 
to occur over such domes and the 
tensioniil rifts that spread out troin 
them. The rifts Ih-coiiic spreading 
centers, radiating from a triple junc- 
tion. Frequently, one spreading cen- 
ter fails and becomes an aulacogen. 


or sediment-filled rift. 

Drifting over asthenospheric 
bumps causes effects that depend on 
the velocity and the epei'ogenic 
realm in which they occur. The locus 
of some hot spots, truncation of guy- 
ots, elevation of atolls, and possibly 
subsidence can all be related to fast 
overriding. No effects of fast over- 
riding have been identified in con- 
tinents. This may rellect some 
fundamental difference in the be- 
havior of tectonic plates that contain 
continents and those that are wholly 
oceanic. However, it may merely in- 
dicate the state of knowledge in a 
field ol investigation that is changing 
rapidly . 
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Vertical 
Crustal 
Motions 
and Their 
Censes 

REPORT ON THE THIRD GEOP 
RESEARCH CONFERENCE 


T he Thud Gl OP Kosearch Conlercncc 
on Vertical Crustal Motions and Their 
Causes was attended by 65 persons. On 
behall ol the (H OP Steetinp Committee 
the coni'erencv ssas opened by Neville 
Carter and Charles H. Whitten, lollowed 
bv Henry W Menard, who delivered the 
li diictory lecture The lecture m its 
entirety is printed m this issue 

First Ses.sion 

Stow Vertical Movements in Continental 
Interiors 

Chairman R 1 Walcott (Farth Physics 
Branch. Department ol I'ncrcy and Mines, 
Ottawa) 

Members K Burke (University ol 1 viron- 
lo), Ci.ll Cabaniss (AI-CRl.l, I. 
Calhles (Kennecoll), C I eldschei 
(NOAA, Delroil), S. Moldatil (NOAA, 
Washinglon), R McT'onnell (I arih 
Sconce Rewarch Inc.), I Nylaiid 
(Universily ol Alberta), B Parsons 
(MIT). N Sleep (MU), and P Vanicek 
(University of New Brunswick) 

The evidence of rates and amounts of 
vertical movement in the phanero/oic was 
revK-wed by Burke. Platforms, the normal 
environment ol the comments, show 
aggregate movements of less than OIIIH 
mm/yr over much ol Ihetr area, in Canada 
red beds, volcanics and dolomites de- 
posited neat sea level about 1700 to 1200 
m.y. B P remain horizontal and within a 
few hundred meters of present sea level 
The subsidence of the large basins of west 
ern Canada and the Soviet Union shows 
average movements ol 0.01 mm/yr. Some 
more restricted basins like Ihe Michigan 
and Williston basins show an exponentially 
decreasing rale of subsidence Irom Itieir 
initiation with a lime constant ol about 50 
m.y Abnormal environments within the 
continents include those of Ihe collision 
orogens. Himalayan summits now al about 
6 km involve average tales ol vertical 
movement ol about 0.3 mm/yr. Burke 
summarized vertical movements ol Ihe 
phanerozoic as shown in Table I 

Vertical movemenls of Ihe late (Qua- 
ternary were reviewed by Walcott by using 
data largely Irom North America. Ihe 
basic data consist ol radlocarboii-daled 
marine shells and lerieslral peals, some ol 
which were deposited close (o Ihe sea level 
ol (hell lime and are now .ound above oi 
below sea level l liev ii dicule a conn 
ncni-wide upward doiiirig ol the land 

This report was prepared by Hryun 
Isacks. Ivan I Mueller, K.l Walcoii, and 
Manik Talwani. 


cx-ntered on Hudson Bay with dimensions 
ol about 4000 X 2700 km. The amount ol 
movement in Ihe center m Ihe last 6000 
years is 140 m. and Ihe present rafr of 
movement is about 2 cin/yr. Along the 
Atlantic seaboard ol Ihe United Stales, 
submerged terrestrial peals indicate a 
broad zoik of subinetgence peripheral to 
die rising region Ihe greatest subtner 
gence occurs in Ihe vicinity ol Chesapeake 
Bay, involving 13 m over Ihe last 6(HI0 
years. The preseni rales ol movement 
shown by trends on inarigraph records 
have a pattern and magnitude broadly 
consistent with Ihe late (Jualernary move- 
men Is. 

The panel then xiisidercd some of (he 
lcchnii|ues available tor Ihe study ol verti- 
cal movements within conliiienis. Holdahl 
gave a slalement ol (lie work of the Na- 
tional Geodetic Survey. The inleresl ol (he 
NGS in studies ol veilical movements 
arises Ivecause of the rectuirement ol maiii- 
laining and developing the U S network 
ol geodelic elevations Mappings ol eleva- 
tion changes based i>n re|H'aled precise 
k-velmgs and tide gage records show sig- 
nificanl subsidence m Ihe Chesapeake Bav 
and along portions ol the Gull Coast A 
data bank consisting ol relative vertical 
inovemeni values along leveling lines has 
Ix'en created by Ihe Vertical Network 
Division ot Ihe N(iS, but al Ihe present 
lime processed data exist only m Ihe Glilt 
Coast and mid Atlantic Zones 

In the Great Takes, water level gages 
have Ix-en operating since IH60, and rec- 
ords are available at about 2(10 locations 
lor varying periods ol litnc Teldscher 
ivporled on some results ol the work of 
Ihe Lake .Survey Over a period ol lime Ihe 
gages al each site rx'coid progressively 
different elevations atiribuled to relative 
vertical crustal movements. Rates of 
crustal movCmenI have been determined 
by computing llie trends ol Ihe dilterences 
between pans ot slalions In the Michigan- 
Huron syslem ihe Ireiids indicate a relative 
rise ol the land lo the north with a move 
ment at Ihessalon in Canada relative lo 
Milwaukee ol about 4 mm/yr 

In answer lo a question on Ihe syv 
lenialic errors in leveling, Vanicek identi- 
lied several possible sources ol systematic 
error including anomalies in the gravity 
Held He concluded that although Irregii 
larilH's III Ihe giavily Held ale recognized 
lo have an ellei I on heights delermined by 
k'veling. Ihey do nol have an ettecl on Ihe 
sriislal nioveinents deilvrd Horn lelevelliig 
piovidcd Ihe relevelmg lollows Ihe same 
paths as Ihe oiigiiial leveling The distot- 
Hon m gradiiai'ion ol Ihe leveling rods, 
known as rod errors, can he revealed by 
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TABLE 1. Tentative Subdivision of the Continental Environment 
according to Styles of Vertical Movement Relative to Sea Level 



Characteristics 

Characteristic 
Amounts, km 

Characteristic 
Rales, mm/yr 

Platforms 

Form about one half of 

1] 

tO.Ol 

Collision orugens 

continental area and 
are underwater during 
episodes of global 
flooding. 

Occur in Himalayan and 

♦5 

+0.2 

Exogeusynclines 

Tibetan environments, 
and high areas persist 
for tens of millions 
of years. 

Rapid initial downward 

-3 

-0.2 

or foreland basins 
Uplifts 

movements reach 
-3 km, and a 
complementary 1-km 
uplift occurs further 
in toward the 
continent. 

Seem well developed in 

•tl 

0.1 

Swells 

Africa now. 
North America in 

+2 

0.1 

Basins 

Paleozoic. 

-2 

-0.1 

Rifts 

Rift shoulders continue 

-2 

-0.3 

Failed arms and 
aulacogens 
Up 

Down 

Up 

to go up after rifting. 
Have a successively 
up-down-up movement. 

1 

-4 

1 



correlation between computed movement 
and topography Other known errors due 
to differential refraction, periodic move- 
ments of the ground (earth tides), do not 
generally contribute errors to any signili- 
lant degree. Iloldahl added that discrep- 
ancies between the local mean sea level 
and the geoid as defined by precise level- 
ing do not necessarily imply systematic 
errors in the leveling, sincx’ the sea surtacc 
at the shore is not an equipotcntial sur- 
face. He agreed with Vanicek that gravity 
anv inalies have an insignificant influence 
on the computation of relative vertical 
movements by repeated leveling. 

Other techniques for the measurement 
of vertical movements were brielfy dis- 
cussed by McConnell and Cabaniss Verti- 
cal movement of 1 cm implies a change in 
free air anomaly of 3 uf>al or in Bouguer 
anomaly of 2 uGal, and present-day gra- 
vimeters and absolute gravity apparatus 
have a sensitivity of this order Cabaniss 
discussed the problems of measuring 
secular and tidal changes in till by using 
boreliole lillmelers The observations from 
tbr.-c bia.xial lillmelers show a coherency 
at tidal trequencies within the uncertain- 
ties of calibration and orientation At 
longer periods there is a pronounced 
annual term with a total range ol 30 X 
10* rad from instruments at 20-m and 
7-ni depth with little overburden lh.it is 
not, however, directly in phase willi eilliei 
surface or down-hole temperature It 
appears that the annual variation is suffi- 


ciently consistent Irom year to year to 
permit its prediction to a precision of the 
order of Kf* rad lor each parlicular instal- 
lation The measured till in boreholes is 
manifestly sensitive to llie nature of in- 
strument coupling to Ihe rock, water level 
and temperature variations, the nature ol 
the rock (particularly fractures), over- 
burden Iliickness, topography, and so 
lorth. 

The last part of the session was de- 
voted to a discussion of Ihe causes and 
melhods of physical analysis of vertical 
movements. It is possible to interpret Ihe 
surface vertical movements as caused by 
torecs that can Ik' deduced by mveisioii 
lechniques Nyland gave an example in 
which Ihe Lac-.Saliil-Jean vertical move- 
ment anomaly was explained by iwo lorcv 
vectors at depth in an isotropic clastic hall 
space. The solution was uncertain, owing 
to limited data. The niid-conlineni basins. 
Sleep argued, have a history similar to that 
of Ihe Atlantic continental margins. The 
cause of Ihe subsidence is likely to be ther- 
mal contraction on a .SO ni.y time scale. 
The eltect of regional isostatic coupling 
and Its relaxation is to cause Ihe exterior 
part ol the basin to move upward relative 
to Ihe interior during later stages of de- 
position 

With regard to Ihe late Gualernary 
movements ol I ennoscandia and Noilh 
Ameriea, Calhles suggested that most 
could be related to isostatic adjustment to 
post-Pleislcic'ene load distribution The 


uplift in central Canada and Fennoscandia 
might be modeled approximately by a 
low-viscosity channel of variable thickness 
and/or viscosity, but the load cycle would 
have to be taken into account If this is 
done, substantial uplift (2(10 m) cannot 
remain in Fennoscandia and probably not 
in Canada. The uplilt behavior ol areas 
peripheral to the Canadian glaciation re- 
vealed by strandime and tide gage mea- 
surements down the East (oast of the 
United States shows a general upUfi 
(immediately following deglaciation) 
followed by sinking This requires deep 
flow and a reasonably unilorrn Newtonian 
mantle viscosity of about 10” P Smaller- 
scale unloadings indicate a thin (7S-km) 
low-viscosity channel (4 X 10’ ° P) beneath 
the lithosphere in the uppermost mantle. 
Detaik'd studK's of the direction of migra- 
tion of the zero uplift isobase m Fenno- 
scandia and ot Ihe amount of peripheral 
depression could placx limits on the Ihick- 
iK'ss ol the low-viscosity channel. Data 
accuracy, radiocarbon time scale correc- 
tions, and detailed knowledge ol euslatic 
sea level will become imporlanl to second- 
order (bul probably not first-order) reline- 
menls in the mantle viscosity structure. 
Tlie low-viscoxily channel may be highly 
variable Irom one location to anoilicr, as 
Ihe seismic low-velocity /one is 

Parsons gave a review of the general 
problem of analysis of vertical displace- 
ments with emphasis on three major con- 
siderations. 

I The choice ot a physical model 
deleimined many ot Ihe steps m an analy 
SIS At present. Iheoiellcal uiideislaiidmg 
IS limited to spherically symmetric, 
lineally visciK'laslic sell-giavitaliiig earth 
models Prolilems are posed l>y llie tact 
Uial this may not Ik- a good m idet loi Ihe 
eallh's ilieotogkal iK'havior I tie question 
III wliellici creej) oln-ys a lineal oi non- 
htieai slress-sliain rale relalion is still 
open It It olwys a iionliiieat site ss-strain 
lale relation, many dillicull lheotitii.il 
piiibleins will Ik- posed A problem more 
immediately troublesome is llial ihe earlh 
may not be even close to sjiheiiial sy ni- 
melry in its rheological pro|K'ilies. It 
depends exponentially on whether lein|K't- 
alure causes large s|dieiical variations It 
Would seem to tollow liom Ihe conlia- 
diclory ccinclu slims ot Ualcoll and 
Ot'onnell llial continental and oceanic 
.ireas may give ditleieni long-ieiin le- 
sjionscs to surtacc loads llie analyses id 
lliese workers gave ditlerent weiglils to 
continental and oceanic regions 

2. Prolilems are also posed liy Ihe 
distiibulion ol data, which lend to be 
giou|K'd along coasllines. Ihe numerical 
calculations naturally make use cd a lep- 
ivsenlalion in terms ol splierical h.irnionic 
tunc lions A choice must Ih' made be- 
tween extracting splierical harmonic co- 
etlicienls tiom Ihe oddly distributed data 
wiih llie implicit errors that this invidves 
and ai'dmg a large nuinlrei id calculated 
qrheiiial harmonic ciK'lficienls tor com- 
paiison witli the data at given points The 
.iddilion id a large iiuiiiIh'I ol calclilaled 
S’herical harmonic ciK'ffic K-nls is jH-tliaps 
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to be preferred, especially considering the 
importance of small wavelength compo- 
nents of the deformation due to the fact 
that the data are located in the region 
between loading in opposite senses. 

3. Once the direct prr'blcm is under- 
stood, i.e., once one can calculate the re- 
sponse for the chosen physical model, it 
would seem to be a straightforward step to 
adapt the methods developed in seiv 
mology, e.g., the method of Backus and 
Gilbert, to give a rigorous inversion of the 
data. The application of these methods to 
this particular problem has been demon- 
strated recently by Parsons, who used 
McConnell’s data for l ennoscandia. 


Second Session 

Vertical Motions atong Active Continental 
Margins and Island Arcs 

Chairman: B.L. Isacks (Cornell) 

Members: A.L Bloom (Cornell), J M. 

Buchanan-Banks (USGS), U F. Karig 

(UCSB), C. Scholz (Lamont-Doheriy), 

and J.C. Stepp (USAFC) 

Observations of vertical motions that 
occur during relatively short periods of 
lime (geodetic and instrumental observa- 
tions for periods of up to about 100 years) 
have provided key evidence for the process 
of underthrusling and lithospheric subduc- 
tion m such regions of plate convergence 
as Japan. Alaska, and Chile. As the discus- 
sions of Schol/ and Stepp showed, these 
types of observations promise important 
new information about the detailed 
process of plate slippage, the generation of 
large earthquakes, and, consequently, the 
prediction of earthquakes and also prob- 
ably offer unique information about the 
system of applied forces acting to product 
lithospheric subductiun. Analyses ol 
geodetic and instrumental measurements 
in the region ol the transverse ranges of 
southern California (Stepp and Buchanan- 
Banks) are yieldii.g valuable uiformation 
about the tectonics ol that unusual area of 
crustal compression within the San 
Andreas transform fault system. 

Observations of vertical motions lor 
periods of time of hundreds to indlionsof 
years generally rely upon accurate dating 
of coastal material with a known relation- 
ship to an ancient sea level. Fntangled 
with this, of course, is the problem of the 
eiistatic variation of sea level during the 
past. 

In a discussion of the uplift of the 
lluon Peninsula in New Guinea, which is 
an interesting area ol probable collision 
tvlween an island arc and a conlinenl. 
Bloom sliowed how the tectonic and 
euslalic variations may eventually be 
separaled. Kang used marine geologu.il 
and geophysical data to discuss aspects ol 
the longer-term evolution ol vertical nur 
tions in island arcs. He concentrated (lie 
additional mass to the arc in the lorm of 
sediments scraped off in various ways 
from the subducted ocreanic plate. 


Third Se&sion 

Vertical Motions within Oceanic Regions 

Chairman: M. Talwani (Lamont-Doherty) 

Members: A. Bally (Shell Oil), H.C. 
Noltimier (OSU), W.C. Pitman III 
(Lamont-Doherty), J.C. Sclater (MIT), 
and N. Sleep (MIT) 

In his mtroductory remarks Talwani 
called attention to the fact that although 
horizontal motions in the oceans have 
been the subject of great interest, much 
less attention has been paid to vertical 
motions m oceanic areas. 

In then remarks Sleep and Bally dis- 
cussed the problem of subsidence asso- 
ciated with passive continental margins. 
Sleep presented a model in which he 
attributed the subsidence of the margin to 
thermal contraction of the lithosphere. His 
model is based on the observation tliat 
vertical movements on older Atlantic 
continental margins axe gradual sub- 
sidences and that a SO m.y. exponential 
decay ot the subsidence rate is observed 
that is similar to the subsidence on the 
midoceanic ridges due to thermal cooling 
The effect ot regional isoslatic compensa- 
lion and later creep that dccoupk's adja- 
cent areas is evident from the distribution 
of sediments. Sleep maintained that cou- 
pling of the subsidence of the shelf to 
sedimentation on the continental rise and 
seaward spreading of the continental crust 
like oil over water are not im|H)rtaiil on 
the Fast Coast ol the L'niled Slates. 

In Bally's view, subsidence may not 
necessarily be associated with thermal 
phenomena Thus the Gulf of Mexico has 
subsided even though it has not been 
subjected to the thermal effects of the 
proximity to a spreading center Bally 
stressed that in order to arrive at a more 
realistic model of the earth, oceanic 
observations have to be made compatible 
with observations m ancient geosynclines, 
which in many respects are <-.)mparable lo 
recent passive margins. Bally called atten- 
tion lo the billowing geological observa- 
tions. 

1 The process occurs whether or not 
It IS obviously associated with a spreading 
center (e g., the Gulf of Mexico) 

2. A scan-type survey shows that 
subsidence tn excess ol 1(1,000 left is 
nearly ubiquitous for the Mesozoic but 
exceptional for the Tertiary. I xceplions 
are major depocenters (eg., Mississippi 
and the Niger della). 

.3. Reconsiruction of the Cape May 
section suggests massive crustal rearraiige- 
menls accompanied by correspondiiig 
iiiodilis.itlon ot paleoliypsograpliK t iirves 
4 Modiliialions ol paleoliypso- 
grapliH curves are legislered willi gieal 
sensitivity iii transgressive and regressive 
cycles on lonlniental shelves It has Ik'cii 
obse'rsed llial li.nisgressions iie slioit-lived 
ev'enls, whereas regressive loiesi-ilnig (oil 
lap) IS longer lasting I xamples ol sliorl 
widespread transgressions are Upper 
Jurassic, mid-Cretaceous, and Upper ( rela- 
ceous. Very precise correlations are 
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needed lo confirm these impressions. 

5 In the Atlantic realm the Tertiary 
is conspicuous by an overall regression, 
whereas in tfic active margins of the 
Hacil'ic, clear transgressions occur in mid- 
I'occnr and mid-Miocene in associated 
hasms. 

Sclater and Pitman considered a dif- 
ferent aspect of the subsidence of the 
iK'can basins. Both started trom the prem- 
ise that Sclater and his co-workers have 
postulated, that all active mid-occanic 
ridges have a uniform relation between 
depth and age ol the oceanic crust, a rela- 
tion that can be accounted lor by the crea- 
tion ol oceanic plates. By using the know- 
ledge of the past separation of South 
American and African plates and the 
depth-age relalion.ships. Sclater con- 
structed paleubathymetiH charts ol the 
South Atlantic. These cliarls yield models 
of the sedimentary process on the ocean 
floor as a function of lime It is possible to 
lest these models directly by Joides deep- 
sea drilling. 

By using Sclatcr's age-depth relation- 
slops. Pitman and Hays demonstrated how 
rapid sea Hoor spreadii.g causes the ridges 
lo expand horizontally and heme reduces 
the volumetric capacity ol the ocean 
basins and gives subsequent rise lo iranv 
gressions. Pitman was thus able lo al- 
liibule the worldwide Up|>er Cretaceous 
lr.insgressiun lo a coiiieiiiporaneous pulse 
ol rapid spreading al most ot the mid- 
oceamc ridges iH-lwceii I Hi m.y, and -H.3 
m.y The general regression continued 
until - 9 m.y because spreading rales 
continued at a low rale and in sione in- 
stances were turlher reduced During the 
transgressive phase, sedimentation m the 
inland seas may have kept pace with the 
uses ol the seas that were leveling and 
tilling interior basins Hence when the re- 
gression oci lured, the lowering of sea level 
by 100 lo 200 m would have diained vast 
land areas rapidly Ills calculations indi- 
cate that by 1(1 m.y. the regression had 
caused the sea level lo he reduced to aboul 
4<) m above the present level. This calcula- 
lion does not lake into account the quan- 
lilies ol Water locked u(i in ice sheets 
Pitman and Hays siiggesled that as tlie 
regression progressed through the Tertiary, 
continentalily increased, lienee climates 
cooled, clim.ilii contrast incieased. and 
cliciilallon with the ArcOi Ocean de 
creased, conditions necessar. lor the 
inilialion ol Ihe N itllierii ll.-misphere 
conlinental glacinlion 'hus occiitring 

Nollimiei propos u a model toexjilain 
Ihe puzzling ol’scivaliou ol why some 
mid oce.iiiii ridge I'icsis .iie i haiai teiizeil 
l>> hoisl and ollicis bv gl.d>ens Biielly, 
Ills niiMlel siiggesls Ih.il when material is 
liiliudcit al Ihe ridge iiesi ovei a dlsl.iliie 
gic.ilei lhaii llial leqtiiicd lo aiielciale the 
iieslal nialeii.d liom zero hori/oiilal 
VI locils lo Ihe spreading vehnily, a cell 
Hal gi.iben loinis yMien nialciial is in 
liiidcd over a iiariowei dislaiue Ilian that 
required lo aeccletale lo spreading veloc- 
ily . a cenlial hoisl lornis 
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Fourth Session 

Mtxiern (ieodetic TechtuAogy- in Senice oj 
[Electing Vertical Crustal Displacements 

Chauman 1.1 Mueller tOSU) 

Members C.C'. Cuunselinan III (MIT), J.F 

1 aller (JILA), R.S. Mather (C'.SI ('). 

and J W Siry (CiSl C) 

Virtually all our understanding today 
of vertical crustal movements. I aller 
noted, rests on long-term evidence or on 
mcremental evidence developed from the 
more precipitous displacements of tlie 
crust Significant measurement capahil- 
itK’s, however, now exist that would per- 
mit ‘real-time’ observation of vertical 
displacements at the I cm/yr level, that is. 
direct measurement of these motions in 
the lime scale ol a few years. 

The first technique, the absolute mea- 
surement of gravity made with portable 
instruments using high-speed laser inter- 
ferometry. IS sensitive to both height 
changes and mass redistribution inside the 
earth. Work is presently m progress on a 
new instrument patterned on an earlier 
instrument of I'allet and llanimond that 
Was used to measure gravity with an 
accuracy of belwcx.-n 4 and 5 parts in |u" 
at strategic locations around the world to 
provide tiench mark values. The new in- 
strumeiit, which incorporates iiiiprove- 
iiients in both the mechanical design and 
the data ptocessiiig techniques, should 
ultimately be capable of accuracies of I 
part III It)*, corresponding to a height 
sensitivity ol about 3 mm. Such an inslrii- 
ment (or inslriiiiients) could tie iisc-d to 
monitor strain fields and would o|kii up 
an important new parameter loi possible- 
use in the prediction of carlliquak" Use 
ot gravity variations would rcquii ' 
superlicial geological elfecis sue 
changing water tables be subtracted on li 
basis of direct mcasuremenl. ditterenti.il 
gravitational measureineiits. or ditleiiiig 
characteristic t requeue ics. 

The second new I>|k- of measureineiil 
capability involves the melliocis ol satellite 
ranging, very long base line radio iiiter- 
ferometry (Vl.Hl). and lunar ranging With 
n.-|erencx‘ to lunar ranging, a icgnlar pro- 
gram IS being carried out Ironi Ihc 
McDonald Observatory to the Apollo 
rcltorc-lleclors on the moon with a poinl 
lo-ponil measureineni accuracy ol 15 cm 
I’lans are under way to upgrade this sta- 
tion to the ranging accuracy ol the station 
under consitnclion in Hawaii, le.. Iroin 2 
to 3 cin. Vertical height inloniialion at 
about the measureineni accuracy will be 
derivable from the data The l.l'KI 


(Lunar Ranging Kxperiment) team is pre- 
sently looking into the possibility of a 
relatively small and transportable lunar 
ranging station that would be used to 
occupy twenty or so caret ully selected 
sites on approximately a 2-yeai interval 
with the aim of checking lor possible site 
variations (in x, >', and r) at the several 
vvniimeter level 

The two data types, direct height vana- 
tions obtained by using satellite and/oi 
lunar ranging and/or VLlll and informa- 
tion regarding variations in gravity, are 
highly complementary Altluiugh Initli 
yield height information, in tombinalion 
they yield separable inlormalion on verti- 
cal movements and internal mass motions 
as well. 

Counselman gave a tutorial paper on 
progress and prospects in three-dimen- 
sional geodesy by means of VI HI All 
three components ol the position vecloi 
of one site relative to anolber. where the 
two sites may be separated by thousands 
of kilometers, are determined by com- 
paring ta|>e recordings ol radio signals 
ivccived simultaneously at the separate 
sites from extragalactic radio sources 
Observed differences iK-tween the rcix-|v 
lion limes at the two sites ol signals from 
four sources distributed leasonably well in 
tile sky alU.w all three components ol the 
intersile base line' vector, plus the site 
clock synchroni/alion error, to be deter 
mined linknown source directions, as well 
as polar motion. I'll, precession, .ind 
iiulalion. can also Ik- determined it olv 
Nervations are continued lor a 1114)01 por- 
tion ot a day 

I'hc stale ol the art ol VT HI geodesy, 
as dcmonslraled by the Mil -Haystack 
Observatory group m coo|K-ralion with 
others Irom N ASA/O.SI-C, Uiiiveisity ol 
Maryland, and .11*1 , is such Ih.il live indc- 
iK-nde-nt delerminalions during 1472 ol 

- length ol a 4(l()tt-km base- line Horn 
S >> jsclls to Callforni.i were scattered 
b; '(I » s .alter III the direction ol 

the nasc- li ic vector corrcs|ioiidcd to I 3 
Ml. principally m a norlli-soiilli sense-, 
indicating possible uncerlamly in the polc 
|iositions assumed in lliesc cx[K'iinicnls 
Known error sources include llic iropo- 
splic-re (4(i-citi uncertainly), loiiosi'licrc 
(15 cm), insltumenl.il iltill (possibly I m), 
and radio noise (3 cm) Means csisi lo 
reduce each ol these lo less than 3 cm. It 
Is leasonablc lo es(vecl that a porlable 
VI HI terminal with a l-iii-diamcicr an- 
tenna capable of 3-cm uncctlainly 
geodetic measurements will be develo|K-d 
.Such a terminal could Ik- assembled Irom 
presently available electronic coinpoiu-nls 


Siry spoke on vertical crustal motion 
iTK-asurement by means of satellite tech- 
niques, noting that vertical crustal motions 
ol the order of several centimelers have 
h»-en observed lo precede earthquakes. 
Schol/. Sykes, and Aggarwal have pro- 
posed a model that relates these and other 
ptecurviry phenomena to dilatancy (('. 
Schol/, I Sykes, and Y. Aggarwal, The 
physical basis lor earthquake predk Hon. 
paper prew-nled at A(il' Meeting, Washiiig- 
lon, DC. Apiil 1973) They presented 
evidence linking the precursor lime inter- 
val with the earthquake magnitude and the 
lenglh ol the aftershock /oik- Dilatani 
regions ot Ills- order ot a lew tens ol 
kilometers in scale and precursor lime 
intervals ranging from roughly hall a year 
lo a year and a hall are expected to lie ol 
in(cic-sl III connection with earthquakes ol 
magnitude 6. lor example Itie dilatancy 
mechanism sex-ms to be operative in Ihc- 
case ol thrust faults and probably also in 
the ca-K- ol at least some strike-slip events 
A sysieni lor sensing precursory crustal 
motions should thus have the capability 
for dclerimning site (lositions with an 
acciiiacy of the order ol a couple ol cen- 
Innc-lc-rs in a lime interval ol a|i|iioxi- 
nialc-ly a qiiailer ol a year at spacnigs ot 
roughly III km in a region ot inleiesl such 
as a t.inll /one Several hundred such loca- 
tions arc nc-eded to cover the lanlt systems 
in the ( alilornia area 

A system tor nioiiiloring such pre 
cursoiv crust. il motions was |'rcsi-nled It 
involved .1 w-l ol anloinalcd loriu-r re- 
llcclor stations tracked by means ol a lasc-r 
o|H-ralnig in the (ieop.insc- s.ilclllte II 
should Ik- (lossible lo range some 3 linies 
diiinig every (lco|iansc pass locadiol ihe 
silcs III siuli an i-nsc-nibic wcallic-i )K-| 
milling Oiic-i en I imelc-r langc data 
gallic-icd dnrnig a quarter ol a year should 
yic-ltl I'osilioii comi'oiient actiir.icics ol 
the oidci ol a couple- ol cenlimclc-rs A 
l.isc-i l>c-,iin II I mrad in diamc-ler would, in 
general, illninniale a single station in such 
an .irrav -\ broader Ik-.iiii would g.cru-r.ile 
rc-Hci lions Irom several sites, ov-eilappnig 
d.il.i thus iK-ing producx-d A chain 01 p.il- 
Iciii ol siK h ovc-rla|ipnig regions i an 
slicrigllic-n llic solution lor site iiosilioiis. 
I'rcssnrc. lc-ni|K-ralnrc. .ind linmidily g.i.-cs 
can provide reti.ntion coircclion* d.ila 
rtiinaioniid lrans|>i>ndcis inic-iiogaled by 
ttic ticopausi- radio li.icking system can 
liiinisli coiic-sponding data in escessively 
cloudy regions Ibis loncepl oilers ilic- 
pros|K-il ol a inaclKal a|'proacll lo Ihe 
prolilein ol monilornig precursory vertical 
crnslal niolions. 
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T he determination of the geoid has 
been one of the prime goals of 
geodesy. Knowledge of geoid undula- 
tions with respect to some reference 
surface was needed for the determi- 
nation of the figure of the earth, for 
the precise reduction of distance 
measurements to a reference ellip- 
soid, and for the determination of 
the geocentric location of pomts on 
the surface of the earth. Currently 
and in the future, undulation infor- 
mation can also be used in geophysi- 
cal studies related to crustal struc- 
tures and in oceanographic studies 
related to sea surface topography. 
The actual determination of global 
geoids has been carried out by using 
gravimetric data, satellite-derived 
information related to the gravita- 
tional field of the earth, or a combi- 
nation of the two techniques. Re- 
gional geoid determinations have 
been made by astrogeodetic tech- 
niques. For some applications of 
undulation information, undulation 
standard deviations of the order of 
±5 m would be sufficient. Such an 
accuracy can be obtained by using 
data currently available. In the past 
few years, renewed interest in the 
geoid arose when the concept of 
satellite altimetry was proposed to 
measure the distance Ironi the satel- 
lite to some area on the ocean sur- 
face. 

1 he use of precise satellite altim- 
etry data at the ±IO-cm level requires 
a thorough examination of our defi- 
nitions and theoretical models so 
that advantage can be taken of such 
satellite altimetry data. This is espe- 
cially important in the oceanographic 
area, where if may be possible to 
determine the separation between 
the actual sea surface topography 
and some equipotential surface 
(which may be the geoid) This re- 

Thts article was taken irom (he keynote 
address presented at the Fourth (IFOP 
Research C’onterenee on The (jeoid and 
Ocean Surface, which was held at the 
University of Colorado, Boulder, August 
16 and 17, 1973 
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view discusses the problems con- 
nected with geoid determinations 
and some definitions that may be 
needed for the precise work of the 
future. 

The Geoid- Definition 

We start by characterizing the 
gravity field of the earth by a set of 
equipotential surfaces. These surfaces 
arc determined primarily by the mass 
distribution of the earth and the 
rotation of the earth. In reality, the 
effect of the attraction of the sun 
and moon, both direct and indirect, 
and the attraction of the atmosphere 
will affect the equipotential surface 
surrounding and interior to the earth. 
The potential W at any point can be 
written 

h’ = + Wa + W, (1) 

where Wg is the potential of gravity, 
Wa is the potential of the atmo- 
sphere, and K', is the tidal potential. 
It is usual practice in gravimetric- 
geodesy to ignore the Wg and Wf 
terms, since they may be accurately 
computed. In this paper, however, 
we shall not disregard Wg but, fol- 
lowing Mather I 1973), shall include 
it in our definition of the potential at 
a point on the earth. We now define 
a geop as an equipotential surface on 
which Wg + li'fl is a constant. The 
geop that corresponds to mean sea 
level is called the geoid. In this con- 
text, the geodetic community gen- 
erally considers mean sea level as 
dependent only on the gravitational 
attraction of the earth and atmo- 
sphere and the rotation of the earth 
and therefore motionless, so that 
disturbances caused by tidal move- 
ments, winds, and ocean currents are 
not considered \Helmert, 1884|. 
Alternate definitions of mean sea 
level considering oceanographic in- 
formation may be needed for future 
work. The term geoid was first intro- 
duced by the (7erman geodesist Ltr.t- 
mg (18721. The potential on the 
geoid (excluding the tidal potential) 
is usually designated by H’o. 

We next introduce a biaxial rota- 
tional ellipsoid whose surface is equi- 
potential as a figure of reference. The 
parameters of this ellipsoid include 
its geocentric gravitational constant 
kMa, its rotational velocity co. its 
flattening /, and the potential f'o on 
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its surface. With properly chosen 
values of these constants the refer- 
ence ellipsoid is termed a ‘mean earth 
ellipsoid’ {//eiskanen and Moritz, 
1967). For further discussion we 
assume that the center of this ellip- 
soid is at the center of mass of the 
solid earth, which should be close to 
the center of mass of the solid earth 
plus the atmosphere. The separation 
between the geoid and the ellipsoid is 
the geoid undulation. The ejevation h 
of a point above the ellipsoid is the 
sum of the geoid undulation plus the 
orthometric height // of the point 
above mean sea level, as shown in 
Figure 1. 



l-’ig. I. The relattonship between 
the geop through a point, the geoid. 
and the ellipsoid. 


The Geoid -Determination 

The determination of the geoid is 
primarily the task of determining the 
undulations of the geoid. A proce- 
dure for such determination was 
given by Stokes ( 1849) . In his work, 
Stokes assumed a spherical reference 
surface with no masses external to 
the geoid. The Stokes equation 
(generalized for reference to an arbi- 
trary ellipsoid is \Heiskanen and 
Mortiz, 1967, p 101 1 

A = Ao // AgSi\p)da (2) 

4rr(/ ^ 

o 

where /? is a mean earth radius (637 I 
km) and C is a mean value of gravity 
(979.8 Gals), .S'(i/r) is the Stokes func- 
tion. and Ip is the spherical distance 
between the point at which N is 
being computed and the place where 
the /V values are given. Ao is the 
zero order undulation [Rapp. |9(i7| 
given by 


„ (kM-kMo) iWo-Uo) 

RC. ---^-(3) 

In many cases, Ao is considered to be 
zero, so that the resultant values 
from the integral expression in (2) 
are referred to an ellipsoid, whose 
mass is the same as that of the earth 
and whose surface* potential is the 
same as that of the geoid The inte- 
gration in (2) IS to he taken over the 
whole world. The tSg values are the 
gravity anomalies representing the 
difference between gravity on the 
geoid (with no external masses) and 
the gravity implied by the reference 
ellipsoid or reference gravity formu- 
la 

The accuracy of the .Stokes equa- 
tion (which is really taken as the 
integral component of equation 2) is 
dependent on several factors First is 
the spherical approximation made by 
Stokes for the reference surface. The 
error (with respect to a better choice 
tieiiig the reference ellipsoid) is of 
the order of A'/ Additional work has 
been done to derive formulas analo- 
gous to the Stokes equation but 
eliniinatiiig a spherical approxima- 
tion. Solutions are due to Sagrehm 
I 1956) (which contained an error), 
Hierhammar | 19621, Molodenskii et 
ai I 1962, p. 531, and I.elgeniann 
I 19 70). I.elgeniann gives a map 
.showing on a global scale the error 
caused by the spherical approxima- 
tion of the Stokes equation. 1 he 
inaximum error was -0.5 in with a 
root mean square error ol ±0.2 m. 

The second problem relates to the 
determination ol gravity on the 
geoid. Since our gravity observations 
are generally not made on the geoid. 
It IS necessary to reduce them to this 
surlace I o do this, we need to know 
the elevation of the points with re- 
spect to the geoid and the density of 
the masses between the geoid and the 
observation point. This latter require- 
inenl cannot be precisely met, so 
that some approximation will always 
be made in reducing gravity from the 
ob.servalion point to the geoid This 
problem can be reduced by using the 
concepts of modern gravimetric 
geodesy that attempt to deline the 
gravimetric boundary value problem 
at the surface of the earth instead ol 
at the geoid. 1 liese procedures will 
be discussed in a siibseiiuenl section 
of this paper. 
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A third problem exists in forming 
our model so that no masses are ex- 
ternal to the geoid, as is required by 
Stokes’s equation. Many types of 
reductions can be made to try to do 
this. However, all but one type of 
reduction (the Rudski) will change 
the position of the geoid so that 
what is in reality computed is a 
cogeoid. There are as many types of 
cogeoids as there are types of proce- 
dures to incoip.rate the mass exter- 
nal to the geoid into the earth. If we 
let 6N be the separation between the 
geoid and cogeoid, we can write 

= /Vo + iL II 

477(7 a 

+ 0.3086 6A0S(i//) rfa + 5fV (4) 

where Ag’ is the gravity anomaly 
after some reduction technique has 
been applied. The type of reduction 
of the gravity observations and thus 
the type of anomaly used in undula- 
tion determination should be one 
where the indirect effect (i.e., the 8N 
term) is small, and it should he such 
that the Ag values can be used for 
purposes other than just undulation 
computations. Such an anomaly is a 
free-air anomaly, where the indirect 
effect is about 1 m per 3 km of aver- 
age elevation (Heiskanen and Moritz, 
1967, p.l45). Thus, for undulation 
determinations at sea, the use of a 
free-air anomaly should yield almost 
directly the geoid undulations, ex- 
cluding the contribution of the in- 
direct effect in the anomaly term in 
areas distant from the computation 
point. 

The fourth problem relates to the 
accuracy of the geoid undulations 
obtained when global gravity cover- 
age does not exist or when the 
anomalies used in the stokes equa- 
tion are assumed to have some stan- 
dard deviation. Work in th's area has 
been done by deG raff- Hun ter 
[1 935], Hinronen [ 1956], Kaula 
[1957], Paul and Nagy [1973] and 
Groten and Moritz [ 1964] , the latter 
paper be<ng summarized in Heiska- 
nen and Moritz [1967, p. 274]. 
From the Groten and Moritz paper, 
the standard deviation to be ex- 
pected of geoid undulations com- 
puted from 1° X 1^ anomalies with a 
poin* anomaly in every 1° block is 


±1.5 m, or ±1.2 m if a centered 
anomaly profile exists in each block. 
For 5° X 5° blocks the correspond- 
ing undulation standard deviations 
are ±13 and ±7 m, respectively. 

Another way to look at the accu- 
racy problem is to assume pertect 
gravity coverage out to some spheri- 
cal radius \j/o with no other gravity 
material being used. Procedures and 
results can be found in Kaula 
[ 1957] , Molodenskii et al. [ 1962, p. 
J64], Heiskanen and Moritz [1967, 
p. 259], and Wong and Gore [1969]. 
Current estimates of the undulation 
standard deviation (assuming a true 
equatorial gravity) as a function of 
are shown in Figure 2. 

Geoid undulations can also be 
computed by techniques other than 
just terrestrial gravity data. If C/m, 
S/m are fully normalized potential 
coefficients of the earth’s gravita- 
tional potential with respect to those 
implied by the reference ellipsoid, 
then we can write (for example) 
[Rapp, 1971 ] 

(max 

N = No+R 2 (Cim COS mX 
1=2 

+ S/m sin mX) P/m (sin I/)) (5) 

where ip and X are the latitude and 
longitude of the point at which N is 
being evaluated and P/m are the fully 
normalized associated Legendre func- 
tions. The geometric errors asso- 
ciated with (5) are the same as with 
Stokes’s equation. A more critical 
question relates to the convergence 
of (5) at the geoid owing to masses 
30 
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Fig. 2. Undulation standard deviation 
to a spherical radius of ■ 


being outside the geoid. fevallois 
[1970, 1972] has considered this 
question and concludes that errors 
that can reach 4 or 5 m are as.so- 
ciated with (5) owing to the topog- 
raphy external to the geoid. This 
error is not restricted to land areas 
but, for spherical harmonic develop- 
ments to deg 20, can also reach .sev- 
eral meters in the ocean areas. 

The undulations of the geoid as 
computed from (5), with No = 0 and 
using a set of potential coefficients 
[Rapp, 1973a] complete to deg 20, 
are shown in Figure 3. The root 
mean square undulation is ±30 m 
with the largest (in absolute value) 
undulation - 1 10 in ju.st to the sout.*’ 
of India. 

The first application of the Stokes 
integral for undulation computations 
was mi-ie by Hirvonen [1934] using 
approx mately 1500 1° X l“ free-air 
anoinal..' . Tanni \ 1948] computed a 
geoid bused on 4380 1° X 1° iso- 
static anomalies meaned into 5° X 5° 
anomalies and later \Tanni, 1949] 
computed a detailed geoid in hurope 
by using the 1° X 1° data. Zhonogol- 
ovieh [ 1952] carried out a spherical 
harmonic analysis to deg 8 by using 
4378 1° (roughly equal area) blocks 
that were formed into 10° equal area 
blocks. Geoid undulations were 
computed essentially on the basis of 
(5). Heiskanen [1957] gave geoid 
undulation maps based on 6679 1° X 
1° free-air anomalies. Uotila [1962] 
reported a geoid computed through a 
spherical harmonic analysis to deg 4 
by using 11,294 1° X 1° free-air 
anomalies. 

Because the maximum degree to 
which we have potential coefficients 
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Fig. .i. (h'oid undulations as compuii'd from a set of potential coefficients of Fapp [1 97.1a! complete to deg 20. 
Countour interval. 10 m. reference flattening, I /29H.2.^6. 


several factors, which include the 
accuracy of the potential coeffi- 
cients, the accuracy of the gravity 
material, the value of i^o chosen tor 
the integration cap. the accuracy of 
the equatorial value of gravity, and 
the size of the smallest anomaly 
block used in the computations, ('on- 
sidering these error sources, Rapp 
I I973/>1 estimated the standard devi- 
ation of an undulation as a function 
of i//o At \l/o = 0° the standard devi- 
ation was ±6.5 m, whereas at i//o = 
10° It was ±3.3 m. exclusive of 
model errors connected with the 
Stokes equation and using the Smith- 
sonian Astronomical Observatory 
Standard Earth II \Gaposchkin and 
I.amhc , 1971) potential coeffi- 

cients. For certain 4to values, the 
undulation error is dominated by the 
inaccuracy in the knowledge of equa- 
torial gravity. These results indicate 
that at the present time we can 
compute a geoid undulation in areas 
where good gravity coverage exists to 
a standard deviation of the order of 
±3 n exclusive of A’o or model 
errors. 

In some cases it is convenient to 
consider the undulation in terms ol 
wavelength or frequency compo- 
nents. In Rapp I 1972), undulations 
were broken into long wavelength (/ 
= 2 to 10), intermediate wavelengths 
(/ = II to 100), short wavelengths 


is of the order of 16 -20 , the 
shorter wavelength undulations aie 
missing from the results of (5). 
Consequently, it is convenient to 
combine potential coefficient infor- 
mation with gravity information to 
obtain more detailed geoids. This is 
done by representing the undulation 
as the sum of two terms A^i and iVj. 
A'l is given by (5). A'j is computed 
through the .Stokes integral, where 
the anomalies used arc the difference 
between the terrestrial anomalies and 
the anomalies implied by the poten- 
tial coefficients used in computing 
(5), and the integration is carried out 
over a limited cap approximately to a 
i//q of 7°-10°. Results from such 
computations have been given by 
Taiwan! et al. ] 1972) for the North 
Atlantic, by Kahle and Talwani 
] 1973) for the Indian Ocean, and by 
Vincent and Marsh )1973) lor the 
globe; the Vincent and Marsh paper 
culminates a sequence of local de- 
tailed geoid computations. The grav- 
ity data used in these computations 
were generally 1° X 1° values except 
rill- an area in the Caribbean, which 
was computed by Talwani et al. 
(1972) by using lO' X lO’ values to 
obtain the fine structure associated 
with the I’uerto Ric.in trench. 

The accuracy of an undulation 
computed by using the procedures of 
the above paragraph will depend on 


(/ = 101 to 1000), and very short 
wavelengths (/ = 1001 to ”») The un- 
dulation information in these wave- 
lengths was ±29.5 III, ±6.0 111, ±0.6 
111 , and ±0.06 in, respectively. The 
amount of undulation information 
above degree / can be represented in 
an integral expression given by 
Tellinen ] 1970) or by the simple 
expression 64// (meters) by Chovitz 
]1972). Using the detailed undula- 
lions of Vincent ct al. I 1971), 
Hrown and f'lnccnt >197 2) carried 
out a spectral analysis of geoid pro- 
files by computing power spectral 
density values using a discrete 
Fourier transform of autocorrelation 
values of the undulations. I’lots of 
the energy versus frequency can be 
Used to reveal information about the 
behavior of high-degree potential 
coefficients. 

The geoid can also be determined 
on a relative basis with respect to 
some arbitrary datum by astro- 
geodetic techniques l/leiskanen and 
.Moritz, 1967, p. 1971; [Romford, 
1971, p. 361). The accuracy of 
astrogeodetic geoid deterininations is 
a function of the spacing of the 
astronoimc observations and the 
length of the profile. Detailed astro- 
geodetic maps for the North Ameri- 
can Datum, 1927, have been given by 
Fischer ]1967), for the European 
Datum, 1950, by Romford 1 1971) 
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and in Mather et al. (1971) for Aus- 
tralia. Although astrogeodetic geoid 
determinations are primarily made 
on land, von Arx |1966) has de- 
scribed the determination of the 
astrogeodetic geoid in the Puerto 
Rican trench area. The use of deflec- 
tions of the vertical at sea by using 
inertial navigation equipment yields 
data from which astrogeodetic geoids 
or geoid slopes can be computed 
[Butera et al., 11970). \nd Schwarz 
[1972] has proposed that geocentric 
station positions, as determined with 
the geoceiver, and orthometric 
heights could be used for land un- 
dulation determinations to an accu- 
racy of a few meters. 

Theoretical Refinements 

As was pointed out previously, 
the use of Stokes’s equation for 
computing the undulation of the 
geoid involves several assumptions 
that make the precise determination 
of the undulation impossible. An 
alternate formulation of the problem 
by M.S. Molodensky in 1945 led to a 
more precise solution of the problem 
of determining the physical surface 
of the earth. An introduction to the 
so-called modern methods for deter- 
mining the figure of the earth can be 
found in Ueiskanen and Moritz 
( 1967, chap. 8] . In the new method 
a surface called the telluroid is intro- 
duced. This nonequipotential surface 
is defined as having the same poten- 
tial difference C between it and the 
reference ellipsoid as does the point 
on the surface of the earth and the 
geoid. The distance between the 
ellipsoid and the telluroid is called 
the normal height //*, and the dis- 
tance between the telluroid and the 
surface point is the height anomaly f . 
If the height anomaly were measured 
from the reference ellipsoid, the 
quasi-geoid surface (which is not an 
equipotential surface) would be 
formed. The geometric height of the 
surface point above the ellipsoid is 
//* + f, as is shown in Figure 4. The 
value of C is found from leveling, 
with gravity measurements being 
made so that accurate potential 
differences can be computed. The 
determination of f has been the sub- 
ject of much work. For solutions 
computed by using the sphere as a 
reference surface, see Ueiskanen and 
Moritz 11967) and Moritz ]1966, 


19686). For results where an ellip- 
soidal reference surface is used, for 
example, see Mather [ 1973). In one 
type of linear solution [Ueiskanen 
and Moritz, 1967, p. 310) we write 

f = + // (Ag + Ci) 

4rr6 „ 

• S{ip) da (6) 

where Gi is a correction term very 
similar to the terrain effect. The 
anomaly /Sg is called the surface free- 
air anomaly and is the difference 
between observed gravity at the 
earth’s surface and normal gravity 
(due to the reference ellipsoid) at the 
telluroid. Although G\ may be negli- 
gible in some areas, it does not fol- 
low that the global effect of 6' i is 
negligible because of the global 
summation required in (6). A con- 
siderably more elaborate solution for 
f is given in Mather [ 1973) , where a 
complete determination for f is car- 
ried out by an iterative procedure. 

The geoid undulation can be rc 
lated to the height anomaly through 
the following expression: 

N = H (7) 

7 

where g is the average value of grav- 
ity between the giaid and the surface 
point and y is the average value of 
normal gravity between the ellipsoid 
and telluroid. In the ocean areas, // is 
essentially zero, so that the geoid 
undulations and height anomalies 
should be virtually identical in such 
areas. 



Fig 4. The relationship between the 
telluroid, quasi geoid, ellipsoid, and 
the geop through a point. 


73 


Gravity Data Requirements 
for a Precise Geoid 

The determination of accurate 
undulations of the geoid requires 
good gravity material. The preci.se 
statement of gravity material require- 
ments is not clear at this time. The 
hypothetical studies of Groten and 
Moritz (1964) yield some ideas of 
undulation accuracy to be expected 
with uniform gravity coverage. The 
best undulation standard deviation 
there was ±1.2 m (profile measure- 
ments in 1° X 1° blocks). Rapp 
(19736) indicates that the contribu- 
tion of the inaccuracy of the I XI 
data to the undulation error is of the 
order of ±0.5 m for a cap size of 10 
in well-surveyed areas such as might 
be found in the United States. This 
error is dominated by errors from 
other sources. Mather ( 1973) argues 
that for geoid determination to ±10 
cm it is necessary to be able to accu- 
rately determine anomalies on at 
least a tenth of a degree grid so that 
1° X 1° anomalies are determined to 
±0.3 niGal and that the anomalies 
have systematic errors below ±0.05 
inGal. Current gravity material falls 
far from meeting the needs of precise 
undulation determinations. A sum- 
mary of available data to June of 
1972 is given by Decker (1972). 
Currently (July 1973) we have 
approximately 26,000 1° X 1° values 
out of the 64,800 blocks on the 
earth. This amounts to an area cover- 
age of about 38%. Large gaps exist in 
the Pacific Ocean area as well as in 
the politically inaccessable areas. The 
accuracies of the known 1° X I 
anomalies vary from ±1 to ±23 
mGals. At sea the standard deviation 
of 1° X 1° data estimated from ship 
data depends on the accuracy of the 
ship’s measurements as well as on the 
number and distribution of measure- 
ments in the 1° X 1° blocks. Stan- 
dard deviations of the order of ±10 
mGals are probably somewhat opti- 
mistic [l.eTichon and Tulwani, 
|969(. 

It appears that additional eflorf is 
needed to clarify the data require- 
ments for precise gravimetric undula- 
tion determinations using current oi 
future computational procedures and 
to estimate the feasibility of obtain- 
ing the data needed for such compu- 
tations. 
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Mean Sea Level and the Geoid 

The geoid has been loosely de- 
fined as an equipotential surface that 
corresponds to an ideali/.ed sea sur- 
face. To a certain degree of approxi- 
mation this idealized sea surface 
coincides with mean sea level. Conse- 
quently, tidal gages have been used 
to defi le mean sea level at various 
points along coast hnes. Averaging of 
the levels observed at the tidal sta- 
tions over periods of time (I to 19 
years) will remove periodic effects. 
The resultant mean sea level is usu- 
ally thought of as the geoid. Now the 
orthometric heights, or the geopoten- 
tial number of points on land arc- 
determined by using leveling (and 
gravity) information starting from a 
sea level datum that hopefully could 
correspond to the geoid. Unfortu- 
nately the mean sea level at one loca- 
tion may not coincide (i.e., the two 
mean sea level surfaces do not lie on 
the same equipotential surface) with 
mean sea level at another location. 
This may be due to systematic winds, 
currents, and temperature and saUn- 
ity differences of the water, in the 
areas of the tidal gages. These factors 
give rise to the problem of the slope 
of sea level. This slope can be de- 
tected by leveling \Braaten and 
McCombs, 1963] or by ocean- 
ographic computations [SrMrjfc.t, 
1967), although there is disagree- 
ment between the leveling and ocean- 


ographic determinations of sea slope 
measurements in a north-south direc- 
tion ISturges, 1967, 1972, Hamon 
and Greig, 1972). 

The noncoincidence of mean sea 
level and the geoid creates a problem 
for the geodesist who is attempting 
to determine accurate undulations of 
the geoid. This problem stems from 
the fact that the elevation (or poten- 
tial difference) of a point needed for 
the determination of gravity anom- 
aUes is defined to be with respect to 
the geoid Since we cannot uniquely 
define the geoid through mean sea 
level determination, our global anom- 
alies can be referred to different level 
surfaces, such surfaces being defined 
by the vertical datum in each coun- 
try or region where a vertical control 
net is defined or referenced. Since 
the deviation between the geoid and 
mean sea level is of the order of 1 ni, 
the errors caused by datum incon- 
sistency have been small relative to 
other error sources connected with 
undulation computations. The actual 
effect of inconsistent heights on the 
undulations has not been precisely 
computed. Mather |I973| suggests 
that such effects could be of the 
order of 1 5 60 cm. Further work 
needs to be done in this area. 

In the future, if we are going to 
try to determine undulations at the 
±10-cm level, it is going to be neces- 
sary to improve our height datums. 


This may not be a difficult problem 
for land datums, but for gravity 
measurements made at sea it may be 
quite difficult to determine the 
height of the ship gravity meter rela- 
tive to the geoid to an accuracy of 
the order of 1 5 cm. 

Some possible help in reconciling 
the height datums may come from 
oceanography, where attempts are 
made to determine the dynamic- 
topography of the sea surface with 
respect to some level surface. Basi- 
cally, there are two methods of 
carrying out such computations 
\Sturges, 1968). The first method, 
used by Stomrncl |I964| and l.istt- 
zin I 1965] uses the hydrostatic 
equation and observed density values 
along with an assumption of a refer- 
ence isobaric surface as an equipo- 
tential surface. Sturges |19()H| uses 
the geostrophic equation and ob- 
served surface currents. 

Siommel ||9()4| and l.isitzin 
||96.S| present global maps of, in 
essence, the elevation of the physical 
sea siirlace (exclusive of such factors 
as random winds and tides) above 
some arbitrary level surface. In the 
Stommel computation the lOOC dbar 
surface was used as a reference level 
surface, whereas Lisitzin u.sed a 4000 
dbar surface. The Listi/in ‘elevations’ 
(Figure 5) are approximately 1.5 
dynamic meters greater than those of 
Stommel. The average elevation on 



b'ig. 5. Dynamic elevation (in dynamic centimeters) of the sea surface above an arbitrary level surjace /Jrom I.isitziri, 
I<i65l. 
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the Lisitzin map is about 2.8 dy- 
namic meters, which could be taken 
as the definition of the geoid level. 
The corresponding level on the 
Stommel reference would be 1.3 
dynamic meters, as estimated by 
Montgomery [19691 for the Stom- 
mel map. The time variations of 
mean sea level have recently been 
discussed by Lisitzin (1970] and 
others. 

I f the sea surface topography 
maps were valid for coastal areas, 
geodesists could use such informa- 
tion to determine a global elevation 
datum. Since a global datum is prob- 
ably impractical, the simplest pro- 
cedure would be to convert exLsting 
gravity anomalies to a common 
datum using the sea surface topog- 
raphy information. 

Satellite Altimetry 

The renewed interest in the geoid 
has primarily been brought about by 
the potentialities of satellite altim- 
etry. In essence, satellite altimetry is 
the measurement of a distance from 
a satellite to the ocean surface. If the 
orbit of the satellite were known, it 
would be possible to determine the 
geocentric radius vector to points on 
the geoid. Satellite altimetry mea- 
■surements have application in two 
areas, physical oceanography and the 
determination of the gravity field of 
the earth. The oceanographic applica- 
tion conceptually consists of the 
determination of the gravity field of 
the earth. The oceanographic applica- 
tion conceptually consists of the 
determination of the sea surface 
topography. If the accuracy is suffi- 
cient, it would be possible to deter- 
mine information relative to tides, 
storm surges, ocean currents, sea 
slope etc. The gravity field informa- 
tion results from the inclusion of the 
altimeter data in orbit determination 
programs, by determination of po- 
tential coefficients through equation 
5 or determination of anomalies (for 
example) through equation 2 using 
geoid undulations determined from 
the altimeter measurements. 

The initial suggestion for the use 
of altimetry data was reported by 
Moore [19651 ami Godbey [|965|. 
GreewooJ et at. (1967, 1969u, 
1969/) I discussed the information to 
be gained from satellite altimetry 
data The verification of altimeter 


measurements was discussed by H'ei« 
[1970u, /)[. Hudson [1970) and 
Stanley et al. [1972) discuss geoid 
determinations from altimetry. Hud- 
son [1971] presents an overview of 
the goals of the satellite altimetry 
project. A set of papers relating 
altimetry data to sea surface topog- 
raphy can be found in a two-volume 
set edited by A pel [ 1 9721 . 

Studies giving in detail some of 
the benefits of altimeter data in con- 
junction with other data sources in- 
clude the Williamstown report 
IKaula, 1970a, />] and a Jet Propul- 
sion Laboratory study [I.oomis, 
\912\ . }PL [Gardner, 19721 has also 
prepared a study on the feasibility of 
a radar altimetry project and has 
carried out analysis of the altimetry 
systems from launch to tracking to 
data recovery. 

The geodetic applications have 
been adddressed in several ways. 
Koch [1970a, ft] discusses the deter- 
mination of surface density values 
from the geoid heights obtained from 
time-averaged altimeter data. This 
work was extended hy Is ner [19721, 
who discusses the determination of 
global 5° and local 1° surface density 
values under the assumption of geoid 
undulations given from altimeter 
(}ata and terrestrial gravity data given 
with respect to a reference set of 
spherical harmonic coefficients 
l.undquist (19671, Brown [1973], 
and others have suggested the ''n- 
corporation of the altimeter data 
into the orbit determination program 
for improvement of the geopotential, 
with Lundquist working with long 
orbit arcs and Brown working with 
short orbit arcs. Rapp (|97l/)l 
carried out simulation studies to 
determine the degree to which poten- 
tial coefficients could be found with 
altimeter and other data. With ocean 
undulations determined to ±1 m and 
land undulations to ±5 m, it was con- 
cluded that potential coefficients to 
deg 82 could be found. 

Brown and Hury [1972] discuss 
the detailed procedure for handling 
altimeter data and the various error 
sources involved. They describe vari- 
ous models for the gravitational 
potential for use with the altimeter 
data in a long-arc reduction model. 
Strange [1972] uses the Stokes equa- 
tion for simulation studies to deter- 
mine anomalies, given geoid undula- 


tions that would be obtained from 
the altimeter data. Arnold [1972] 
proposes a procedure where the 
gravitational field is represented by 
geoid undulations. He suggests an 
iterative solution where a set of 15° 
y. 15 undulations are found first 
considering their influence on the 
satellite orbit. Then the 1° X 1° 
anomaUes within the 15° compart- 
ment are found under the assump- 
tion that the orbit is partially inde- 
pendent of the influence of any 1° X 
I undul-tions. In this way the 
solution of a system of equations 
containing approximately 30,000 
unknowns can be carried out effi- 
ciently. 

Closing Remarks 

In this paper I have attempted to 
outline some of the principles and 
problems relative to the determina- 
tion of the geoid. In this area we 
found that currently we can expect 
to determine geoid undulations on a 
global basis to ±3 m and somewhat 
better on a relative basis. More accu- 
rate determinations, especially al the 
±IO-cm level will require extensive 
recasting of our analytical procedures 
and data collection. A unification of 
regional height datums will be 
needed and hopefully will be ob- 
tained from oceanographic data. The 
impending acquisition of satellite 
altimeter data will improve our 
knowledge of the e .rth's gravity field 
and, with an altimeter of high accu- 
racy, will help the oceanographer in 
his studies of the ocean surface, pro- 
vided he can get the geodesist to 
provide him with sufficiently accu- 
rate geoid information. The sched- 
uled July 197*t, launch of the Ceos-C 
satellite, with an altimeter whose 
precision is ±1 m with a total satellite 
to sea level distance accuracy of the 
order of ±5 m, will be the first step 
in a ducct study of the geoid and 
ocean surface using satellite data. 
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T he Fourth Geodesy/Earth and Ocean 
Physics (GEOP) Research Conference 
was held on August 16 and 17, 1973, at 
the University of Colorado, Boulder. It was 
attended by about 6S persons. John Apel, 
general chairman, opened the corUererice, 
folk wed by Richard M. Rapp of the Ohio 
State University, who delivered the key- 
note address. The keynote address in its 
entuety is printed elsewhere in this issue. 
Tliis address and the following summaries 
of the sessions constitute a report on this 
conference . 

First Session 

Panel on Reference Surfaces and 
Height Systems Ocean and Earth 

Chaif.nin; Richard H. Rapp (Ohio State 
University) 

Members: S. Holdahl (National Geodetic- 
Survey), E. Balars (National Geodetic 
Survey), I. ETscher (Defense Mapping 
Agency Topographic Center) 

In discussing the geoid and the ocean 
surface it is necessary to define as pre- 
cisely as possible the reference surfaces 
and height systems In addition, quantities 
that are measured must be related to the 
geoid and/or ocean surfac-e. One such 
quantity is our system of heights that are 
viewed as being approximately determined 
by classical leveling procedures. Holdahl 
reviewed different aspects of heights and 
their implementation in the leveling net- 
work of the United Slates. In essence, 
height determinations consist of deter- 
mining a distance between a reference 
equipotential surface of the earth's gravity 
field and the corresponding surface passing 
through the point whose height Is to be 
determined. To precisely determine this 
distance, it is necessary to determine the 
potential difference between the two sur- 
faces, or the geopotential number of the 
points. The geopotential number can be 
estimated from leveling data and values of 
gravity computed from some normal grav- 
ity formula or by measuring actual gravity 
values along a leveling line. Holdahl 
pointed out that the error in using normal 
gravity will not generally cause an error of 
more than U.l kGal m (in the gi-opotential 
number) However, a true geopolential 
number can deviate as much as O.OH kGal 


This report was prepared by B. Chovlta, 
Ivan A. Mueller, R.H. Rapp, W. Sturges, 
and G. Weiffenbach. Material contained 
herein should not be cited. 


m from the normal gcopotential number 
over short distances owing to rapidly 
changing gravity anomalies. To convert 
geopotential numbers to rigorous heights, 
real gravity values arc required Not using 
such values in height computations intro- 
duces an error accumulation that cxcrecds 
1 m in the most mountainous regions of 
the United States. 

The current heiglil system in opera- 
tional use in the United States was based 
on a 1929 adjustment at which the eleva- 
tion at 26 mean sea level stations was 
forced to be zero. It is clear that such a 
procedure would not be followed now. 
Iloldahl indicates that a future national 
network will incorporate actual gravity 
data in geopotential number and height 
determinations and will also recogni/e the 
tact that the mean sea level surfaces gen- 
erally lie on different equipotential sur- 
face. 

Balo7s I'.escribed a set of new adjust- 
ments of leveling data in the United Stales 
whose purpose was to determine local 
mean sea level in relation to geodetic- 
leveling along the coastlines. The nets de- 
scritied by Bala/s were two independent 
first-order level nets, one at the Atlantic 
and Gulf coastal area and the other in the 
California coastal area. On the east coast, 
18,600 km of leveling was used. An adjust- 
ment was made to determine free adjusted 
elevations whereby only one elevation was 
fixed in the adjustment. The adjusted 
elevations represent the height above an 
equipotential surface that coincides with 
the 1966.9 mean sea level (MSI.) at Port- 
land, Maine, for the cast coast and with 
the 1969.3 MSL at Ncah Bay, Washington, 
for the Pacific coast. Using this mforma- 
tion Balars computed the departure of 
local MSL from a reference equipotential 
surface that tn turn permitted him to com- 
pute the slope of mean sea level along each 
coast. On the Atlantic coast he found a 
slope of 13 mm/deg latitude and on the 
Pacific coast a slope of 62 mm/deg lati- 
tude, both cases indicating a rise in mean 
sea level from South to North. Although 
they agree on the general slope, the new 
results given by Balazs differ considerably 
from the results reported in 1963 by N I-'. 
Braaten and (M McCombs, who lound a 
slojK ol 30 mni/deg latitude on the Atlan- 
tic coast and 26 mm/deg luliliide on the 
Pacltii coast Some ol llie quetlions that 
the work ol Bala/s raised were also dis 
cussed In the second panel session. 

Irene f iichcr discussed the principles 
of asttofieodetic geoid determinations and 
some of the current results Such discuv 
sions helped to define the concept of pre- 
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cisL'Iy what is meant by an astiogeiidvtic 
gcoid in contrast to other types of gcoids, 
such as a gcoid determined gtavinietncally. 
The question arose as to whether astrogco- 
detie techniques could be helpful in re- 
solving the separation between mean sea 
level and the geoid. Because of the nature 
of astrogcodetic techniques, they would 
not appear to be helpful for the separation 
determination. 

Second Session 

Panel on Deparrures of Sea Surfaee 
from the Geoid 

CTiairnian: W. Sturges (I'lorida State l.'ni- 
versity) 

Members: R.B Montgomery (Johns 

Hopkins University), J L. Reid 
(Scrip|is) 

In the work of this panel we excluded 
departures of the sea surface caused by 
sea, swell, and tides. It was pointed out 
that normal seasonal variations in the den- 
sity field lead to surface heiglit vanations 
of t 10 15 cm at middle latitudes. Nearly 
random wavelike phenomena with periods 
of a few months have similar amplitudes. 
Atmospheric pressure changes give rise to 
surface amplitudes of about r20 cm at 
high latitudes. The largest signals are 
across strong boundary currents (e.g., the 
Gulf Stream and Kuroshio), where the 
change in level is about 100 cm. Changes 
in position of these currents can produce 
tile largest changes in surface elevation at a 
given position. The hon/ontal scale of 
strong boundary currents and eddies (or 
Gulf Stream rings) is about 100 150 km. 
A sampling problem arises, as a result of 
this scale, when satellite altimetry is dis- 
cussed in terms of the number of times a 
given 1° nictaiigle is sampled per unit 
time. If a track line is obtained only about 
oncx’ per month in a given 1° rectangle, it 
may be very difficult to resolve lime 
changes at a fixed point from hoii/onlal 
variability of the sampling position. This 
lack of resolution is usually called 
‘aliasing’; it may tw severe, and it requires 
further study. 

Most maps of sea surface Ic pography 
are based on calculations of geopolenltal 
anomaly (or ‘dynamic height’) R.". 
Montgomery discussed the assumptions 
and methods that oceanographers use in 
calculations of gcopolential. Variations of 
sea level, as calculated from the density 
field (‘steric level’), have been shown to 
follow the variations observed at nearby- 
tide gauges, l or maps of steric sea level, 
the 2000-dbar reference siirtaee. which lies 
near a depth of 2000 m, is optinium for 
worldwide studies. 1 his surface may not 
tie stilficienlly level in the Antarctk Cir- 
cumpolar (’iirienl, the Gulf .Stream, or re- 
gions where strong currents extemi to the 
bottom. In other regions, these maps may- 
be interpreted as the time-averaged ‘abso- 
lute topography’ (with the addition of an 
atmospheric- pressure correction) if an 
error of about tlO cm is acceptable In 


regions of strong currents, however, direct 
current measurements plus gcostrophic 
leveling can be usc‘d to compute surface 
slopes that could provide results accurate 
to t lO cm. 

J L Reid presented maps ot topog- 
raphy of the Atlantic and I’acitic Oceans, 
the reference surfacx* is 2000 dbar The 
range is about 2'/i in. the higliest area is 
near Japan, and the lowest is in the Ant- 
arctic. The major tcatures ol the maps arc 
well understood in terms of the major cir- 
culation patterns and (he wind field Sea- 
sonal maps are in preparation. Variations 
in near-shore (-~500-m depth) currents are 
clearly apparent in the density field ofl 
California, where a seasonal range of some 
1 5 cm in surtacc elevation is observed. 
Across the Antarctic Circumpolar (’urreni 
ihe slope of the 2000-dhai surface, relative 
to Ihe .JOOO-dliar surlace, is about 25 cm. 

Sturges discussed recent work con 
cvrning the slope- ol sea level along conli- 
nenlal boundaries, I he oceanographic- 
results. on both the I’acific and Atlantic 
coasts of Ihe United Stales, indicate a 
slope downward to the north, with Ihe 
magnitude being larger on Ihe Allanlic 
coasl, Ihc dominant dynamical cflecl is 
Uie variation ot the Coriolis paraiiieler on 
Ihe meridional How ot lii undary curreiils. 
Ihe latest results ,ire greatly at variance 
with the results ol geodetic leveling on 
land. The discrepancy is about I m on 
both coasts. It has Ix-en suggested that 
there is an urgent need for a crilical study 
ol leveling results to try to locale a source 
of systematic errors, but this suggestion 
has not tieen greeted warmly by Ihe level- 
ing community. 

An additional source ot information is 
the numerical modeling of w-ind-driven 
ocean circulation. Although no memlier ot 
this area was able to attend, very recent 
results were kindly provided by Kirk 
Bryan, Jr. His maps of the wind-driven sea 
surface agree well with those derived Ironi 
Ihe density field, except in (he areas 
where, on fundamental grounds, agree- 
ment is nut expected, as was already men- 
tioned. 

In Ihe lively discussion that followed, 
four main points emerged l irsl, for pur- 
poses of physical oceanography , to inter- 
pret the results of a satellite altimeter, it is 
necessary to know the absolute shape of a 
k-vel surface (i.e., relative to Ihe ellipsi>id) 
near mean sea level, although (his surface- 
need not be ‘the geoid.' Second, except 
tor interpreting Ihc- results of a salellilc- 
allinietcr, it is not necessary in most appli- 
cations for physical oceanographers to 
know the absolute shape of a level surface 
Third, there was an apparent lack of agree- 
nic-nl about vmie details in the definition 
ol Ihc- geoid l-ourih, the discrepancy be- 
tween Ihc- results ol land leveling and oce- 
anic leveling near the coasts is iniporlanl 
and requires st-rious examination 

l-inally, it should be slic-ssc-d that a 
much larger and more difficult set of prob- 
k.-ms deals with the instantaneous sea sur- 
facx-, which is distu’bed by wind waves, by 
tides, and by the complicated interactions 
of weather and oc-eanic perturbations, as 


well as by normal seasonal changes, 
changes in currents, or the motion ol 
eddies When suflicienlly accurate salc-llile 
altitudes bc-come ivailable, their inlerpie- 
lalion will depend on taking all lliesc- (ac- 
tors into account 

Third Sevsioii 

Panel on Instrumentation and Data 
AcQuisition 

Chairman G.C. Weillenbach (Smith- 
sonian Aslrophysical Observatory) 

Members W.l- Brown (Jet Propulsion 
Laboratory), GB Bush (Applied 
Physics Laboratory, Johns Hopkins 
University), I .W Godlx-y (Getieial 
I lectric Co ), I Nalhaiisoii ( lechnol- 
ogy Serivce Corp ) 

Alter Wc-iflc-ribach‘s inlioductioii 'o 
problems in data acquisition due loalmo- 
spheilc and ionospheric pro|iagalioii. Bush 
sumniari/c-d the basic principles of Salel- 
lile altimetry. Nalhaiison and Brown dis- 
cussc-cl Ihe two main techniques, namely, 
Ihc- lechiiiquc-s ol nuisc- compiession and 
coheienl ladars Godhey showed ic-cs-ni 
results Irorii Ihc- Skylab I altiiiiclry. 
During the discussion allenlioii was called 
to the tact that eailh ic-soiiices data tioin 
Skylab will be placed in the public domain 
and will thus be available to anyone (lor a 
price). The I arih Resouices I xpc-riment 
Package (I Rl P) llowii on Skylab includes 
the Slfd niullis|K-clial photography, Sl‘JI 
IR spc-clroinc-lc-r, Sl*)2 mullispc-ctral scan 
iic-r, SI9.J microwave radiomelcr/scal- 
tc-romeler/altiriic-ter (KuBand). and SI94 
L-haiicI lacliomelei. 

Photographic data products lloni 
Skylab 2 arc- now in the (lublic domain 
and can lie obtaiiiecl Ironi Ihc- U.S. Gc-olog 
leal Survey, Departnienl ol Interior, 
I ROS. Sioux I alls, S Dak 57 1 9H ( Icle- 
plione 6(I5-.J .19-2270). 

I lec lronic -Jata products are not yet in 
the public domain. To obtain data when 
they arc- placx-cl in the public- doinain, 
requests should Ik; acldressed to NAS.A, 
Skylab Program Olflce, Johnson Space 
Center, Houston, Texas (Allc-nlion ol K 
S Klc-inknechl) 

Data products polc-nlially available lor 
Ihc- S-|9.j alliinelc-r arc- Ihc- lollowing 
1 Altitude tabulations S072-I, S072-2, 
plots S073-7 

2. AGC (back scalier intoinialion) labs 
.S072-H, S072-9, plots S07.3-2, S073-3, 
SID .3-11, SO^ 3- 1 2 

3 Sample and hold data (sc-a slate intor- 
malion) labs S072-4. plots S07.t-4, 
S073.5, 

4 Houw-keepin^ d.-ia linic-iiial engiiieer- 
mg, o|x-ialional mode si„'iis. and iiialliinc- 
lion data) labs S072-3, S072 ( 1 . plots 
S073-ltl. S073-6..S(D3-I 

5 Alliliide, altitude, and sensor tic-ld ol 
VK-w , etc tabs .S(l7 2-7 . plots S07 3-H 

I or a more detailed dc-sciiplion ot Ihc- 
data products listed above, see dtHument 

run TR5:4 


S-193 altimeter calibration information 
is available as follows: 

1. S-193 Microwave Kadiometer/Scat- 
terometcr/AItimeter, Calibration Data 
Report, Plight Hardware, vol. IB, Reid, 
Ooc. 72SD4207, General Klectric Co.. 
Space Systems Organuation, Philadelphia. 
Pa. 19101 . (These same data ate available 
in a document published by the Johnson 
Space Center.) 

2. Skylab Program, l-.arlh Resources 
K.xperirnent Package, Sensor Performance 
Report, vol. 5 (S193 Altimeter), (Pretliglit 
Kngineenng Baseline), D<h\ MSC05S2f<, 
Martin Marietta Corp., Denver, Colo. 
(Note: This document will be updated to 
include a High! sensor performance evalua- 
tion following each Skylab flight (S1.2, 
SL3, and SL4). 

The second calibration data reference 
above h.-.s been prepared lor each I R1 P 
sensor: S190, vol. 1, S191, vol. 2;S192, 
vol. 3; S193, vol. 4 (radionietet/scal- 
leroinelcr), S193, vol. 5 (altimeter), S194, 
vol. 6. Those who have questions con- 
cerning data nroducts, calibration data, 
geographical area of coverage, or data 
usage should write R.W. Smith, Mail Stop 
8392, P.O. 179, Marlin Marietta Corp.. 
Denver, Colo. 80201 (telephone 
303-794-5211). 

Fourth Session 

Panel on Analysts Techniques for 
Determining the Geoid and Ocean 
Su.face Topography 

Chairman. B. Chovilz (National Oceanic 
and Atmospheric Adniinislralion, Na- 
tional Ocean Survey) 

Members: P. Atgenliero (NASA, God- 
dard). J. Berberl (NASA, Goddard), R. 
Brown (Computer Sciences Corp ), J. 
Ruglia (NASA. Langley), T. Davis 
(Naval Oceanographic Office), S. Jor- 
dan (Analytic Sciences Corp), W. 
Kahn (NASA, Goddard), J. Marsh 
(NASA, Goddard), I . Morrison 
(NOAA. NOS), W. Strange (Computer 
Sciences Corp.), S. Yionoulis (Applied 
Physics Laboratory. Johns Hopkins 
llniversily) 

B. Chovit/ began with remarks on the 
close interconnection between progress in 
analysis techniques and the type of data 
available. For example, Stokes's formula, 
published in 1849, languished unused for 
many years K-cause ol lack of gravity 
data. Now it is the method 'par excellence' 
lor the determination of the geoid, mainly 
because of the availability of gravity mea- 
surements. The intense effort over the past 
fifteen years in analysis of satellite orbits 
for the determination of the gravitation 
tield has obviously been due to the acqui- 
sition of measurements of direction, dis- 
tance, and velocity of artificial satellites, 
from which perturbations could be infer- 
red. In this spirit, the analysis tcchnioof * 


of greatest mleresl at this conference are 
centered on a new anticipated data source: 
satellite altimetry. 

In considering the impact on analysis 
techniques of vanous types ol data, the 
most important factor is not the quality oi 
nature of the data, or even the raw quan- 
tity, but the distribution. Wlial is desired 
is worldwide continuous coverage, and this 
IS true (though in a qualified sense) even if 
the geoid determination is wanted not 
worldwide hut only over a local area In 
the past, such coverage has generally been 
lacking, and the exercise ol ingenuity in 
devising analysis techniques has been 
directed toward the statistical prediction 
ol gravity. On the other hand, the antici- 
pated influx of dense and widely dislrib- 
uled allimelry data is expected to lead to 
techniques of amalgamation and snioolh 
mg and the application of approximations 
and shortcuts that will achieve the aciu 
racy desiied and yet leave the pioblein 
amenabk’ to solution on prescnl day 
computers. As an example ol an analysis 
technique devised to handle allimelry 
data, Chovilz mentioned a recent publica- 
tion of K. Arnold in which the par.imeiers 
of the solution are geoid hcighls ovci 
40,000 1-deg squares. Because the elled 
of the gravity field on the satellite orbit is 
of much lower frequency than what is 
obtained from direct allimelry , (he (wo 
effects can be separated in a first approxi- 
nulion, leading to an initial solution lhal 
can lie improved by ileralion, so lhal ihe 
largest full rnairix inversion involves many 
fewer unkt.owns. 

W. Strange reviewed Ihe methods ol 
combining surface gravity and salelhte 
data that have been applied by him and a 
number of collaborators in obtaining bolh 
regional and worldwide gcoids Ihe 
method capitalizes on Ihe fad lhal surface 
gravity provides Ihe high-frcquency contri- 
bution and satellite data the low Ire- 
quency contribution to Ihe field and, lur- 
thermore, lhal Ihe former is iriegulatly 
and the latter regularly distributed 4l any 
(>oinl the contnbiilion to the geoid Ironi 
available gravity data for a 20° radius 
about that point is obtained by Stokes's 
formula and then suilably combined wilh 
tlie best available satellite geoid. The inosi 
a'ceni example ol this method of analysis 
was presented by J Marsh in the lotm ol a 
detailed gcoid for the Atlantic and north- 
east I’acific Ocean areas. As pari ol this 
work a numbei ol salellite-derived giaviiy 
models were evaluated to establish the one 
lhal liesl represented the long-wavelengih 
tealures ol Ihe geoid in Ihe .ibove area 
Comparisons with asirogeodellc data and 
dynamically derived tracking slalion 
heigtils sliow agreemenl cd the older ol 2 
m or iKller. 

It has been realized lor some lime that 
the techniques applied by N Wiener to 
time series have a ready application to 
spatial series of gravity and asirogeodellc 
data for the purpose of obtaining Ihe 
geoid and deflections of Ihe vertical. 1 
Davis discussed means of obtaining accu- 
rate estimates of Ihe spatial frequency 
content of these in the shorl-wavelengih 


range of 3-150 km. The bauc problem 
mvolved is determining Ihe accuracy of 
the algorithms employed for evaluating 
the Stokes and Vemng-Meinesz integrals. 
Two such algonihins that have the most 
desuahle frequency responses were pre- 
wnled. 

In addition, Davis addressed the prob- 
krm ol inherent spectral leakage associated 
with computing Ihe numerical I ciuner 
transform for a finite data sample This 
particular problem is ot primary impot- 
laricc in computing sample spectra or 
autocorrelation functions for fields where 
most ol Ihe energy is concentrated in 
wavelengths longer than Ihe available rec- 
ord A comparison was made lielwcen two 
methods tor minimizing leakage classical 
window modification with a cosine taper 
and space domain prewhllening with sub 
sequent Ircquency domain coiieclion by 
iiH'ans of the eonvolulioii theorem. Analy- 
sis ot Ihe undulation spedia indicates lhal 
(lie ex|H'cted rnis aniphlude of geoidal 
undulations over ocean areas lor wave 
lengths below 2(1 km is less than 3 c in. 

The subject ol statistical analysis ol 
data was continued by S Jordan He 
poinled out lhal this approach involves 
two slejis, first, to develop self-corislslenl 
statistical models lor all signals and noises 
based on theory and data, and second, lo 
apply slandaid lechnic|ues lleasl-wjuares, 
collocalion. or Wiener or Kalnier tillering) 
lo separate Ihe signal and noise Jordan 
and his collaboialors have einjdoyed Hus 
approach for Ihe esliinalion and direct 
a'covery ol vertical dellec Hons I ulure 
applicallons are envisioned lor satellite 
allimelry and gravity gradiometry 

I urllier emphasis was jdaced by Ihe 
next three sjK'akers on the impact ol Ihe 
av.iilability ol d.ila thal yield high-Ire 
quency inlormalion regarding (he gravila 
llonal ticid Methods o' c<>ping with this 
ly|H' ot clala lesjH-cially alliineliy) lead lo 
the I'roblein of how lo Ih'sI reprc-seiil Ihe 
field, or lo pill Ihe cpiesi ion anol her way 
given a cerlaiii lyjic' ol data, wlial is Ihe 
most ex|K-ditioiis form ol (he p.iramelers 
ot the sohilion'' 

I Morrison clesciibed llw ineihod m 
which Ihe gravity field is represc-iiled by a 
simple suilace density laser and Ihe 
parameters ol (he solution are ihe values 
ol Ihe density, usually dlsciell/ed over a 
grid on Ihe surlacv This te|>iesenlalion 
has been used successliilly with salelhte 
|X'rluibalion data anil is planned to lx* em- 
ployed with allimelry Ihe primary dilfi 
cully with (he melhod is lhal the inleginl 
lhal compiiles Ihe geopotenlial is im 
proper, going to infinity il Ihe jxiint at 
which Ihe |<olenlial is requiied is directly 
on Ihe surface, ( lose lo Ihe siirtace (lie 
numerical qiiadialiire formulas do nor 
work well, and these dillicullies are aiiipli 
lied III compulmg Ihe giaclieni ol lire 
potential. Morrison has Ix-en exjx-ri 
iiK'iiling with variable grid sizes and analy- 
tic representations lor Ihe density insteacf 
ol a fixed mesh ot conslani density cells, 
which IS equivalent lo an arrav ol surface 
mass points Techniques of this nature 
have improved Ihe preseni lower practical 
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limit of these formulas to an altitude of 
200 300 km. mstead of the 1000-km alti- 
tude for the fused mesh. It is hoped that 
further experimentation will make them 
valid even at the surface. A related prob- 
lem is that of speeding the calculations, 
since the computing time mcreases with 
the fineness of the mesh. Possible ap- 
proaches include reducing the order of 
numerical quadrature, or substituting an 
analytic nr series approach for quadrature 

Just as Stokes's formula provides a 
direct method for obtaining geoid heights 
from gravity data, an inverse ol this for- 
mula will yield gravity from geoid heights. 
J Buglia showed how these two lutinulas 
can be combined into an algorithm to 
handle a combination of gravimetry and 
altimetry. The earth’s sur*'ace is parti- 
tioned into cells; it is assumed that there is 
a gravity observation for each land celt, 
and an altimetry (i.e., geoid height) obser- 
vation for each water ivll. One can begin 
with the direct formula, assign gravity 
values from some model for the cells that 
have no gravity observations, compute 
geoid heights, assign these to cells with no 
geoid height observations in the inverse 
formula, and continue the iteration until 
suitable convergence is reached Geoid 
licights obtained in a test case for 30' 
cells, using an eighth-degree field to gene- 
rate the simulated data, checked to within 
3 m. 

The spherical harmonic representation 
of the geopotential is acknowledged to be 
the best and most cfticient way of han 
dling satellite orbits, but it becomes defi 
cient when tackling localized, irregularly 
distributed data like altimetry C A Lund- 


quist and G.E.O. Giacaglia have set forth a 
linear transformation representation of 
spherical harmonics, which they have 
termed ‘sampling functions,’ and which 
passes the properly of mirroring IcKal 
effects ve.y efficiently. These functions 
were discussed by R. Brown Me pointed 
out that spherical harmoinc sampling func- 
tions arc j-isl one example of many such 
types, each type being derived from a 
different set of orthogonal functions. In- 
vestigations into the common properties 
of this larger set give an insight into llic 
limitations as well as the advantages of 
spherical harmonic sampling functions. 

Altimetry measures to the sea level sur- 
lace. 1 hen the geocentric radius vector to 
the satellite is trouglily) the sum of the 
altimetric reading, the geocentric ellipsoi- 
dal radius, the geoid height, and departure 
of sea level from the geoid To separate 
out these last two quantities, which arc 
the ones of geophysical interest and are of 
die order of 10 m and 1 in, respectively, it 
IS necessary to obtain the position of the 
satellite to a comparable precision. P 
Argeiitiero reported on test runs based on 
simulated laser station data for GI OS-C 
for long (more than I day) arcs The data 
reflected the presence of lO-cin noise and 
bias in the laser measurements, a 5-m error 
in each tracking station coordinate, and a 
5% error in the dominant geopotcntial 
terms. The tracking stations were concen- 
trated in the west Atlantic of the US. 
coast. Using arcs up to 7 days in length, 
the average orbital height error was 1 4 m 
over the aforementioned area and up to 
8 m over each entire arc. It is believed that 
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the primary source of error is due to the 
geopotential uncertainty. 

j Berber! attacked the same problem 
from the point ol view of slion arc (less 
than 10 min) determination The simula- 
tions were based on tracking from 4 neigh- 
boring stations. The most crucial factor in 
orbital height recovery was the Imiilation 
on the numlier of stations that could 
track, owing to weather conditions. lo 
obtain a 2-m height accuracy lor 10 nun, 
the ex|H.‘riiiient showed tlial all 4 lasers are 
required. 

W Kahn gave an overall summary ol 
geopotential recovery from allimetry data, 
discussing the lorrii of the observation 
equations, the possible paiaiiictiic repre- 
wiitatlons ol the geopotential. and the 
errors resulting from the necessary limita- 
tions on the size of the parainciric set 

S Yiorioulis proposed the Iwo-satellite 
system as a luture source ol unproved data 
for the geopotential 'the continuous 
tracking advantages of a pan Ihotli high- 
low and low-low conligutalioiis) provide 
resolutions ol the field up lo degree ‘)0 
and can yield iiselul esliinales ol the de 
tlecllon of the vertical from data obtaineci 
lor a single pass 

A contributed paper not presented was 
'('ompiilalion Techniques lor Various 
Gravity Anomaly ('orreclion Teiins,’ by 
M I iiirick The papci deals with the pro- 
cx’dure I >r reduction lo the level surface 
passing through the coniputalion point, 
the inlcgralion lequirement lor the inner 
most area, methods lot coniputalion ol 
outer areas using various appioaches, and 
tests to determine whether lo use linear, 
nordinear, or iletalive solutions 
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Geodetic 

and 

Dynamical 
Properties 
of Planets 

J. I). Anderson 

The work presented in this paper re- 
presents one phase oj research at the 
Jet I'ropulsion Laboratory , California 
Institute of Technology, under Con- 
tract A'/l.V 7- 100, sponsored by the 
National Aeronautici and Space Ad- 
ministration. 


T HF study of planetary dynamics 
and geodesy is a difficult subject. 
This is so, not simply because ot the 
complexity of the interactions be- 
tween several scientific disciplines, 
including geophysics, geology, geo- 
chemistry, seismology, celestial 
mechanics, radar astronomy, and 
meteoritics, but perhaps more funda- 
mentally, because of a lack of data. 

Although It IS true that the space 
age has brought about important new 
observational techniques, which are 
responsible in large part for the rapid 
developments m planetary science 
over the past decade, and although 
we should expect to see significant 
progress in the field over the next 
few years, it is still a sad fact that 
data will be severely limited for an 
indefinite period of time in the fu- 
ture. The basic problem is that we 
can observe and study, at present, 
only one planetary system in the 
universe. This system, our solar sys- 
tem, contains only four major plan- 
ets, five terrestrial planets, where we 
are inclined to include the moon but 
exclude IMuto, and a fairly limited 
collection of debris, presumably left 
over from some inadequately under- 
stood formation process. Thus it is 
impossible to base the study of plan- 
ets on a significant statistical sample. 

When a peculiarity is observed 
for example, the slow retrograde 
rotation of Venus there exists no 
empirical guide to whether this is 
really a peculiarity or whether it is 
instead a common occurence in plan- 
etary systems in general. It is very 
unsatisfying to develop an explana- 
tion for an observed planetary phe- 
nomenon without the opportunity to 
test that explanation against many 
planets with similar characteristics. 
Nevertheless, the best that can be 
done for now is to gather as many 
data as possible on the accessible 


Ibis uriicic was laken Irom the keynole 
address presented al Ihe I ilth (II Ol’ Ke- 
search Conference on Planetary Dynamics 
and (ieodesy. which was held at the Ohio 
Slate Universilv, Columbus, October M 
197.^. 
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planets and then to rely on theones 
developed from these data to at- 
tempt to achieve an understanding of 
planetary formation and evolution. 
This is a difticult task, but no other 
alternatives are evident. 

By far the largest body of plan- 
etary data exists for the earth. Its 
gravity field has been probed in de- 
tail by artilicial satellites, its surface 
structure is known, its interior has 
been explored by seismic measure- 
ineiits, the chemistry of its crust has 
been specified, and its rotation rate is 
measured daily. These data and more 
are invaluable to an understanding of 
other planets, particularly the terres- 
trial planets. It is fashionable these 
days to justify space exploration on 
the basis ol what can be learned 
about our own planet. Yet, from the 
viewpoint ol a general understanding 
of the human conditon, it is perhaps 
more reasonable to justify expendi- 
tures in earth physics on the basis ol 
what can be learned about the origin 
and e'olution of the whole solar 
system. .At the present time it is con- 
siderably less expensive to study the 
earth at first hand rather than to 
explore the moon and planets. I-'or 
this reason alone, sources of data in 
Ihe near future are likely to be con- 
fined to detailed measurements of 
the earth and to earth-based observa- 
tions of the planets, with crucial sup- 
plemental information provided by 
carefully selected experiments on 
space probes and planetary orbiters. 
The primary task of the planetary 
scientist is to learn as much as possi- 
ble from these data. 

The purpose of this paper is to 
discuss the sources of planetary data 
and to present a general review ol the 
current knowledge of planetary 
dynamics and geodesy. The scope of 
Ihe paper is limited to Mercury, 
Venus, Mars, and the lour niitlor 
planets, l-'uture expectations in some 
areas are discussed brielly. 

Gravity Fields 

Because all planets in the solar 
system can be treated as spheres to a 
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zero order approximation, their ex- 
ternal gravity fields are usually ex- 
pressed in terms of spherical har- 
monics. The gravitational potential is 
given by 


C/ = - 


I (sin 0) 


1=2 
1=2 m = \ 

(Ci„, cos mX + sin wX) J (I) 


where M is the total mass of the plan- 
et, R is its equatorial radius, and the 
spherical coordinates (r, 0, X) are 
identified with the radius, latitude, 
and longitude, respect'vely. The har- 
monic coefficients (V/, Om . and Sim ) 
are determined empirically from the 
orbital motions of artificial and natu- 
ral bodies and are related to the den- 
sity distribution p(r, 0, X) within the 
planet. Herruk fl972| derives the 
following 


7; = - - *■ / p(r, 0, Xlr^P/ (sin 0) d V 

mr'J 

V 

( 2 ) 


, icosmXl 

r^Plm (sin0)s X 1 
i sin WA ^ 


where the integration is carried out 
over the entire volume V of the plan- 
et. 

For a rotating planet in hydro- 
static equilibrium, all the harmonic 
coefficients except the even zonals 
(/j. aa, Ji. •••) will be zero. The 
terrcstr.al planets posses significant 
values for the odd zonal coefficients 
as well as the lesscral coefticient.s 
(Cini, Sim), which -ndicates that they 
can support deviations from hydro- 
static equilibrium, at least in their 
outer layers. The accurate deleriiiiiia- 
lioii of the gravity fields lor these 
planets has its greatest value m help- 
ing to define and understand the dis- 
tribution of mass in tne upper levels 
of the planet. An outstanding exam- 
ple of this is provided by the dis- 
covery by Muller and Sjogren 1 19n8| 


that the lunar maria are sources of 
large mass concentrations. By con- 
trast, the value of determining the 
harmonic coefficients for the m^or 
planets is that they provide signifi- 
cant constraints on the allowable 
density distributions within the plan- 
ets. However, these are integral con- 
straints as given by (2), and hence it 
IS not possible to determine a unique 
density distribution from a finite 
number of gravity coefficients. In 
this sense the observed coefficients 
impose necessary but not sufficient 
conditions on the validity of any pro- 
posed planetary model. 

The most easily determined 
parameter in the gravity field of a 
planet is the zero-order coefficient 
CM, which represents the total mass. 
The procedure for determining this 
quantity for any planet is to observe 
the orbital motions of other bodies 
that are perturbed significantly by 
the planet. 

In the case of Mercury a determi- 
nation is difficult because the pertur- 
bations that Mercury exerts on the 
orbits of Venus and earth are smaM 
Probably the most reliable determi- 
nation of the mass is provided by 
radar tracking of the inner planets. 
Least squares analyses of radar data 
have been carried out by experi- 
menters at the Massachusetts Insti- 
tute of Technology and the Jet 
Propulsion Laboratory. Both groups 
express their results in terms of the 
inverse mass ratio M,m~' = 

GMsi'GMm . The inverse mass has the 
same accuracy as GMm because the 
value of GM for the sun is known to 
much higher accuracy than any value 
of GM for the planets. Ash et al. 
[19711 at MIT give a value for M,\f' 
of 6,025,000 ± 15,000, whereas ,'1/e/- 
hournc el al. [19686) at JPL give a 
value of 5,983,000 ± 37,000. 

There is a difference of 42,000 oe- 
tween the JPl. and MIT values of the 
inverse mass. V.'e adopt a mean value 
between the two determinations 

A.'e; ' = 6,004 ')()() f 37,000 

With an e ro- of 0.6%, the mass 
ratio for Merciiiy is the poorest 
known of any terrestrial planet's. 
The reason foi this is simple, I he 
masses of the other planets have been 
determined to high accuracies by 
means of the Doppler tracking of 


flyby spacecraft. No spacecraft have 
flown by Mercury at this time. How- 
ever, if the .Mariner Venus-Mercury 
spacecraft provides good Doppler 
data during its scheduled flyby of 
Mercury in late March of 1974, a 
very precise determination of the 
mass of Mercury will be available 
from the postflight analysis of those 
data. This analysis will be conducted 
jointly by experimenters at JPL and 
MIT and should result in a determi- 
nation of the mass to at least I part 
in 10*, or to about ±600 in the in- 
verse mass. 

Two spacecraft. Mariner 2 and 
Mariner 5, have flown by Venus. An 
analysis of data from both spacecraft 
by A-iJerson and Efron [ 1969) has 
resulted in a value of the inverse mass 
of 

I ■’ = 408,521.8 ± 1.0 

A more recent analysis of the 
Mariner 5 data, carried out by J.D. 
Anderson and N.A. Mottingcr at JPL 
(unpublished data, 1973) indicates 
that this value of A/k*' may be too 
small by ,bout 1 7 standard devia- 
tions. We now preler a value of 

A/k*' = 408,523.5 ± 1.0 

The current Mariner Venus-Mcr- 
cury mission has the potential of 
providing more information on the 
mass ol Venus, but the real dynam- 
ical significance of any future flyby 
or orbiter of that planet rests on a 
specification of the higher-order 
moments in the gravity field. 

A total of four American space- 
craft, Mariner 4, 6, 7, and 9, have 
returned Doppler data from Ihe 
vicinity of Ma's. However, only Mari- 
ner 4 has provided usable data during 
Ihe critical period from a few days 
before encounter to a few days after 
encounter with the planet. Mariners 
6 and 7 were plagued with significant 
nongravitulional forces during their 
tlybys [Anderson el al., |970|, and 
M Tiner 9, being an or! 'ling space- 
craft. provided muss intornialion 
only during Ihe approach phase of 
Ihe mission [l.orell et al., 1973] . A 
reliable value lor Ihe mass of Ihe 
planet cannot be obtained from or- 
biter data because strong eorreli'iions 
exist with Ihe orbital elements of the 
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spacecraft and with the higher 
moments in the gravity field. This is 
consistent with the general rule that 
It is always preferable to determine 
the mass of a planet from flyby data 
and then to use this value of the mass 
along with orbiter data, if it is avail- 
able, to determine the higher-order 
moments. 

The value for the inverse mass 
ratio of Mars from the Mariner 4 data 
is given by Null 1 1969] ; 

A/Mars"' = 3.098,714 ±5 

The mass of Jupiter has been 
determined most accurately from its 
gravitational effect on the orbits of 
asteroids \Klepczynski, Scholl, 

\^1\ , Zieknhach, 1969] or through 
its effect on the orbit of Mars as ob- 
served in the radar data |-4r/i et al., 
1971, l.ii'ske ct al., 1971 ]. A 
weighted mean ot several determina- 
tions has been obtained by Klcpczyn- 
ski et al. [ 1971 1 , and their adopted 
value is 

M/' = 1047.366 ± 0.007 

Two spacecraft. Pioneer 10 and 
1 1, will provide data from llybys of 
Jupiter in December 1973 and De- 
cember 1974, respectively. A post- 
flight analysis of the Doppler data 
will make possible a new determina- 
tion of the mass of Jupiter to an 
accuracy of about 0.002 in the in- 
verse mass ratio and in addition will 
provide a clear discrimination be- 
tween the mass of the planet and the 
masses of the Galilean satellites. 

The masses of the other major 
planets have been investigated by 
Klepczyntki et al. (1970, 1971 |. 
They used optical observations of 
Jupiter from 1913 to 1968 to deter- 
mine the mass of Saturn, optical ob- 
servations of Saturn from 1913 to 
1968 to determine the mass of 
Uranus, and observations of Uranus 
from 1781 to 1 968 to delermine the 
mass of Neptune. 1 hey also evalu- 
ated all (tiler indcpendeni determi- 
nations of the mass atid as a result 
recommended the values given in 
Table 1. 

Surveys of all the deti rminalicns 
of the masses of the planets have 
beer, made by Kle/iczynski et al. 
11971] and by Kovalev.^ky |1971j. 
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TABLF I 

Masses uf Saturn, Uranus, 


and Neptune 

Planet 

Reciprocal Mass 

Saturn 

3498.1 ± 0.4 

Uranus 

22,800 ± 107 

Neptune 

19,325 t 26 


After Klepczynski et al. (1971). 


The higher-order moments in the 
gravity fields of the planets are best 
determined from the earth-based 
tracking of planetary orbiters. At 
present, only Mars has been studied 
by this technique and even in this 
case only one orbit is available (Mari- 
ner 9). Nevertheless, Lorell et al. 
[19731 have determined the second- 
and third-degree harmonics for Mars. 
Values of the harmonic coefficients 
for which a significant determination 
exists have been tabulated hy Jordan 
and Lorell ] 1973| . The second- and 
third-degree harmonics are Usted in 
Table 2. The fourth-degree har- 
monics were also included in the fit, 
but those values tend to be smaller 
than the standard errors, and they 
are not listed here. 

TABU'. 2. Cravily Tield of Mar- 
i roni Manner 9 


Harmonic 

Ciu-lticient Value X 10‘ 

for Mars I- rom Mariner 9 


J, 

C'7, 

5,, 

J> 

Cm 

S) 1 

Cm 

Sm 

Cm 

Si, 


196 4 t 0.6 
-5.5 lO.I 
3.1 t 0.2 
3.6 t 2 0 
0.5 t 0 4 
2 6 1 0.5 
- 0.6 1 0.2 
0.3 t 0.2 
0 48 t 0.03 
0.35 t 0.03 


A Her Jordan and Lorell j 1 97 3 ] . 


The determination of second-di 
gree and higher gravity moments for 
Mars indicates that the gravity field i> 
closely approximated hy the comb’ 
nation of an oblate spheroid and 
large concentration of mass in tti>. 
Tharsis region at a longitude of about 
105°W and a latitude of 1()°N. 

The dynamical flattening that cor- 
responds to the ditlerence in the 
equatorial and polar axes ot a rotat- 
ing fluid can be obtained troni the 
first-order formula 


a h 3 \ , 

/= = ^2+ w + 

a 2 2 

where m is the ratio of the centrif- 
ugal to gravitational acceleration. 
Lorell et al. [1973] give for Mars 

m = (4.60 ± 0.01) X 1C’ 

and the resulting dynamical flatten- 
mg is 

/M.rs= (5.24 ± 0.02) X 1(T" 

An idea of the difference in the prin- 
cipal moments of inertia in the equa- 
torial plane can be obtained from 

(H - A)IMK^ = 4(Cjj^ + Sjj’)''^ 

The gravity coefficients for Mars 
yield 

(«- = (25.2 ± 0.5) X Iff* 

It IS possible to use a close llyby 
of a planet to determine some higher- 
order moments in the gravity tield. A 
llyby is in many ways dynamically 
equivalent to a single revolution of 
an orbiter in a highly eccentric orbit. 
I'hus repeated close flybys can reveal 
a considerable amount of informa- 
tion on the gravity field. 

liven for a single flyby, solutions 
have been obtained for of Mars 
and Venus from Mariner 4 and Mari- 
ner 5, respectively. Mull ( 1969] ob- 
tained a value for Ji of Mars of (187 
± 7) X Iff*, which is in good agree- 
ment with the Mariner 9 value, al- 
though it is an order of magnitude 
less accurate, llsing Mariner 5 
Doppler data. Anders-on and h'/ron 
[1969! obtained a value of *(-5 
± 10) X KT* for Venus. More recent- 
ly, J.D. Anderson and N.A. Mottin- 
ver (unpublished data, 1973) have 
iewed the analysis of the Mariner 
■Jata and have obtained the second- 
degree coefficients in Table 3. 

(.■'HI I 3 (iruvily t icld ul Venus 
I ii’iii Maiiiiei 5 


llarnioiiii 

( iiflllcieiil Value X 111' 

I (II Venus Triiiii Mailiiei 5 


J, 2.7 t II 9 

Cm -0.I»C6 

S, , 0.5 J J.7 
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It appears from the analysis of 
one dose flyby that Venus iis more 
spherical than Mars or earth. The 
dynamical flattening is 

fv =(4.0± 1.4) X 1(T* 

which corresponds to a difference of 
only 240 m between the polar and 
equatorial axes. 

The difference in the equatorial 
moments of inertia is for Venus 

=(2.0±2.9)X itr* 

The relationship between the gravita- 
tional fields of the major planets and 
their interior models has been re- 
viewed by Veale 119731, and the 
various methods of determining the 
harmonic coefficients have been eval- 
uated. Our present knowledge of the 
gravity fields of Jupiter, Saturn, 
Uranus, and Neptune is based on per- 
turbations in the orbits of the natural 
satellites. In addition, by assuming 
hydrostatic equilibrium, various 
models of the interior can b'. used to 
predict unknown coefficients. 

The observationally determined 
values of the coefficients have been 
discussed by Hrouwer and Clenience 
[1961], and theoretical values of the 
moments Jj. Ja, and Jf, have been 
calculated from available models for 
Jupiter and Saturn by Zharkov ct al. 
1 19731, They also have estimated Vs 
and /jo- Theoretical values for 7j, 
74, and Jt, have bten computed for 


all the major planets by Zharkov and 
Truhitsyn 1 1971 ) for assumed linear 
and quadratic density distributions in 
the interiors 

Recently, \*/hitakKr and Green- 
burg (19731 have remeasured all 
available plates showing Miranda, the 
fifth satellite of Uranus, and from a 
new determination of the nodal and 
apsidal precession, have concluded 
that J 2 for Uranus must be m the 
neighborhood of 0.005. Also, Garcia 
11972) has determined values of 72 
and 7a for Saturn from the motions 
of the satellites Tethys, Dione, Rhea, 
and Titan. However, the value for 74 
from his determination is equal to 
0.0014, A positive value for 7a 
would imply that the density of 
material in Saturn is decreasing with 
increasing depth below the surface of 
the planet. Because of the unlikeli- 
hood of a decrease in density, we 
adopt the older value of Ja = 
-0.00103 from Hrouwer and Cte- 
rnence 11961). 

A summary of the current knowl- 
edge on the gravity fields of the 
major planets is given in lable 4. 
Three theoretical models for Jupiter 
and Saturn are taken from De Marcus 
1195«1, rcehles 11964), and Hub- 
hard 11968), and the coefficients 
have been calculated by Zharkov et 
al. 11973). 

Within the next few years the ob- 
served values of the harmonic coeffi- 
cients for Jupiter and Saturn will be 
improved considerably by the Pio- 


neer and Mariner Jupiter-Saturn 
flybys. It is reasonable to expect the 
two Pioneer flybys of Jupiter to 
yield values for J 2 and Ja that are 
good to the order of 1 part in 10*. 

New determinations of Ja would 
he particularly important because at 
present the observed value Ua - “6.7 
t 3.8) depends completely on the 
analysis of data from Jupiter V, the 
innermost satellite of Jupiter. Reli- 
able val les for J 2 and Ja from the 
upcoming flybys would place tighter 
constraints or. the acceptable interior 
models. This would almost surely 
result in improvements. 

It IS also important to determine 
or bound other harnionic coefficients 
in the gravity fields ot the outer plan- 
ets because significant values for J 3 
or C '22 and .?2 2 would have impor- 
tant implications for interior models. 
Pile tracking of spacecralt is the only 
technique for determining the gravity 
fields of other planets with enough 
precision tc delect deviations from 
hydrostatic equilibrium. 

Shape and Topography 

The general shape of the planets is 
expressed in terms of their flatten- 
ing 

f- (a - h )/a 

whe c a is the measured equatorial 
radius and b is the polar radius. Opti- 
cal measurements of planetary diam- 
eters have been made by Dollfus 


TABLE 4. Gravity f ields ot the Major I’lanels 


Planet 

Model 

7, X 10* 

J 4 X 10* 

7. X 10’ 

7, X 10* 

J i Q X 10^ 

Jupiter 

De Marcus 

14 2 

-5 9 

3 9 

-2 8 

2.2 


Peebles 

15.3 

-6.5 

43 

-3.2 

2.5 


Hubbard 

15.3 

-6.3 

4 1 

-3.0 

2.3 


Observed 

14.71 

-6.7 






t0.14 

i3.8 





Adopted 

14 7 

-6.7 

4.2 

-3.1 

2.4 

Saturn 

De Marcus 

16 8 

-12 9 

15.8 

-19 

24 


Peebles 

17.0 

-11.2 

12 4 

-14 

17 


Hubbard 

24 9 

-16.7 

18 3 

-21 

26 


Observed 

1667 

-10.3 






J0 02 

til 8 





Adopted 

16 7 

-III 3 

13.0 

16 

20 

UruiuiN 

Ouadratic Lass 

12 4 

4 0 

19 

... 

... 


Linear Lass 

III 8 

3 2 

... 

... 

... 


Observed 

~5 






Adopted 

12 

4 

2 

... 

... 

Neptune 

Ouadratic Law 

5 8 

-0.86 

0.18 

... 

... 


Linear Law 

4 9 

-0.66 

... 

... 

... 


Observed 

4 9 







10 5 






Adopted 

4 9 

-09 

0.2 
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TABU- 5. I’lani'lary Shapes 


Planet 

l.quatiirial Karuus 
a. kni 

Geometrical Flattening 
J 

Mercur> 

2,432 1 7 

• • • 

Venus 

6,052 t 6 

. . . 

Mars 

3,402 i 8 

0.0103 1 0 0033 

Jupiter 

70.8511 1 100 

0.0607 t 0.(8120 

Saturn 

60,000 i 240 

0 1092 1 0.0057 

I'ranus 

25,400 1 280 

0.028 1 0.016 

Neptune 

24.3(81 t 450 

... 


Alter noUfus 1 197t)o. />| . 

|l‘)70</, 19721. O 0 ///MJ [1970M also 
has reviewed all the determinations 
of the equatorial and polar axes for 
the planets and has adopted what he 
considers the most likely values alon^; 
with an estimate of the maximum 
error. His results are summan/ed in 
Table 5 by listing values of u and /. 
The radius of Venus is derived from 
radar measurements 1/lr/i vt ul., 
\^M.Mclhourne cf ul.. |9t,«u| . 

Any flattening of Mercury or 
Venus IS imperceptible from earth, 
and not enough precision can be 
achieved in the optical measurements 
of Neptune. A new radius of Nep- 
tune has been obtained by l-'n-cnian 
and l.vnga 1 1970| from a star occul- 
tation. They give a larger radius 
(24,753 ± 59) than that determined 
from observations of the disk and 
also obtain a geometrical tlattening 
of 0.0259 ± 0.0051. 

The occultation of Beta .Scorpii 
by Jupiter has been used by Hubbard 
and \'an I'landvrn |19721 to obtain 
a value for the radius of Jupiter of 
71,««0 ± 30 km at a point in the 
stratosphere. They estimate that the 
cloud top on Jupiter is about 300 km 
below this level. We adopt a value for 
the equatorial radius at the surface of 
Jupiter, below the clouds, of 71,400 
km. which is somewhat larger than 
the radius adopted by Dollfus. A val- 
ue of 0.060 ± 0.001 for the geomet- 
rical flattening of Jupiter was also 
obtained from the Beta .Scorpii oc- 
cultation. This is in good agreement 
with Dollfus’s value in Table 5. 

The shape and radius of Mars have 
been i nproved significantly by the 
radio occ. '.ation data Ironi Mariner 
9. Cam ct al [19721 give a mean 
equatorial radius of 3397.2 ± 1 km 
and a polar radius of 3375.5 ± 1 km. 
The geometrical flattening of / = 
0.0064 ± 0.0003 from Mariner 9 is 
consistent with recent values given 


by Dollfus (1972) and Kliore 
1 1 97 1 1 but is not as small as the very 
accurate dynamical flattening 
(0.0052 ± 0.00002) determined from 
the orbital motion of Mariner 9. Mars 
is supporting stresses that allow a 
fairly significant difference between 
the dynamical and geometrical flat- 
tening. In addition to a determina- 
tion of the shape of Mars from the 
occultation data. Cam cl al. [1972] 
find that the center of figure of the 
planet is displaced almost 3 km south 
of the center of mass and almost 2 
km toward the region of Tharsus 
(100°W longitude). A similar result 
has been obtained by Schubert and 
Lingcnjcltcr \ 1973] troiii an analysis 
of radar range residuals. 

Measurements of planetary topog- 
raphies are limited to Mercury, 
Venus, and Mars. Current informa- 
tion has been obtained primarily 
from radar and from the Mariner 9 
orbiter for Mars. Radar ranging can 
provide a direct measurement of 
heights at the subradar point on the 
planet, but this technique Ls limited 
for Mercury and Venus because then 
spin axes are almost perpendicular to 
the ecliptic; only an equatorial belt 
can be explored. The inclination of 
Mercury’s orbit to the plane of the 
ecliptic reveals a region of about ±7° 
about the equator, and a similar re- 
gion is available on Venus because of 
a combination of an orbital inclina- 
tion of 3.4° and an obliquity of the 
equator of Venus to its orbit of 
176.5°. On the other hand, the obliq- 
uity of Mars is 24.77° and its orbital 
inclination is I .S5°. Therefore a re- 
gion of ±26.6° about the Martian 
equator is available for direct radar 
topographic measurements from 
earin. Also, the rapid rotation rate of 
Mars, as contrasted to the slow rota- 
tions of Venus and Mercury, is favor- 
able because the subradar point 


changes at a rate of about 1° of Mar- 
tian longitude (60 km) every 4 min. 
Thus, on any given day of observa- 
tion it is possible to obtain a strip of 
radar topography of 100° of axe or 
more along a particular circle of lati- 
tude. The technique is limited at the 
present time by the power and ap-r- 
ture of existing radar dishes. No 
observatory can track Mars com- 
pletely around its orbit, and hence 
topography is available only for 
those latitude regions that are view- 
able at Mars opposition. 

A plot 01 the subradar point on 
Mars is shown in F-igure 1 fora num- 
lier ot years, and the times when 
Mars Is at opposition are shown. 

Radar topography around the 
22°N parallel ol latitude was deter- 
mined by Pencngdl ct al. [196" I 
during the 1967 opposition of Mais. 
During the 1969 opposition, topog- 
raphy was again determined from 
Haystack to a vertical accuracy of 
about 100 m and with a hori/.ontal 
resolution ot the order of 1° of arc 
(60 km). In 1969 a region from 3° to 
12 N latitude was mapped. Also, 
doldstcin Cl al. [1970| reported 
topographic measurements from 
C'loldstone with a 0° I0°N /.one, but 
resolution was limited and individual 
peaks or craters were not observable. 

Both Haystack and (loldstone 
were used during the very favorable 
opposition ol 1971 to determine 
topographic variations between - 14° 
and -22°.S. I‘ctlcngill [1971, I973| 
derived surlace height variations over 
this region that are accurate to about 
75 m in some lavorable cases and 
that have a resolution of the order of 
1.3° (BO km) in latitude and 0.8° (45 
km) in longitude. In the region be- 
tween -14.6° and -17.9°S, where 
the signal was weaker during the 
|971 opposition, a resolution of 
about 1 .7° ( 100 km) was obtained in 
both latitude and longitude. 

Taking advantage of an increased 
sensitivity in the (loldstone radar 
system, Downs ct al [I971| ob- 
tained surface height vanalions with 
an accuracy of 150 111 on the average 
and accuracies ol 40 ni in regions of 
strong signal. Resolutions of 0. 1 6° (8 
km) were obtained in longitude and 
1.33’' (80 km) in latitude. This was 
sufficient to detect the heavy crater- 
ing of the Martian surface, and sev- 
eral large craters of 50-100 km in 
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/■'ig. /. I’ariation in latitude iij the suhradar joint on Mars. The Mars oppo- 
sitions are marked hy dotted lines. 


diameter and 1-2 km deep were 
particularly conspicuous. 

The Mars opposition of 1973 is 
also being used to obtain surface 
height variations, hut the latitude 
region Ls roughly the same as in 1971 
(see Figure 1). This is a disadvantage 
in that no previously inaccessible 
regions on Mars will be in view, but it 
is a definite advantage in that closure 
points, whore the same longitude and 
latitude are at the subradar point at 
widely separated times, will be avail- 
able on a two-year baseline. This will 
impose a very tight constraint on the 
ephemeris of Mars. In effect, the 
radial drift in the earth-Mars orbit 
will be no more than 1 50 m over two 
years (0,002 mm/ sec), and as a result 
the separation of orbital effects from 
topographic effects in the radar data 
will be achieved to a very high preci- 
sion. 

It is also possible to study the 
topography of a planet by observing 
the surface pressure by spectro.scopic 
techniques. This has been done with 
the Mariner 9 orbiter of Mars in the 
infrared [Conrath et al., 1973| and 
in the ultraviolet \Hord et al.. 1972, 
1974] . The resolution is not as good 
as with radar ranging, but areas of 
the planet can be mapped that are 
inaccessible to radar. 

Surface height variations on 
Venus and Mercury have been ob- 
tained by Smith et al. |1970| with 
radar time-delay and Doppler obser- 
vations. For Venus, heights can be 
deduced from distortions in the 
Doppler spectrum or from direct 
time-delay measurements to the sub- 
radar point. Unlike Mars, however, 
the surface resolution is of the order 
ol hundreds of kilometers, and fine- 
scale topography is not as easy to 
observe. Mercury has been investi- 
gated by ranging to the subradar 
point. 

Radar data from the inferior con- 
junction of Venus in November 1970 
were combined with earlier data 
from Arecibo and Haystack [Camp- 
hell et at.. 19721 to obtain surface 
height variations over the entire 
equatorial region on Venus. Surface 
resolutions of 200 400 km were 
achieved, and height determinations 
were repeatable within 200 500 m. 
Total height variations of the order 
of 6 km were observed on Venus. 


Planetary Rotations 

Perhaps the most interesting of 
the planetary rotations, those for 
Venus and Mercury, wer<- unknown 
until the advent of radar astronomy. 
From the April l9o5 inferior con- 
junction of Mercury, I’cttengill and 
Dyee ||965| found that its rotation 
period must be about 59 days in the 
direct sense. Further radar studies 
plus a reinterpretation of the visual 
maps of Mercury [Chapman. 1967, 
Smith and Reese. 1968; Camiehei 
and Dollfus.\'iM\ showed that ils 
rotation period was in a spin orbit 
resonance of 58.65 days. Dynamical 
justifications for this 2/3 resonance 
were studied by Colombo |I965|, 
by Colombo and Shapiro |1966|, 
and by Goldreich and Peale ( 1 9660, 
A) . They were able to show that the 
2/3 resonance is stable and that it 
can be maintained by solar torques 
acting on tidal deformations as well 
as on a permanent asymmetry in 
Mercury’s equatorial plane. 

In the early days of planetarj 
radar astronomy, Miihleman (1961| 
demonstrated that the rotation rate 
of Venus was very slow. Later Car- 
penter (1964, 1966] and Goldstein 
11964] determined that Venus was 
rotating in a retrograde sense with a 


period of about 250 days. Still later, 
several measurements of the rotation 
rate were summarized by Shapiro 
1 19671 , who gave a value of 243.09 
±0.18 days. Also, the direction of 
the spin axis was determined to lie 
within 1° of arc of the negative direc- 
tion of the orbital angular momen- 
tum vector for Venus. The spin rale 
of Venus was very close to a reso- 
nance state with the orbit of the 
earth, and Goldreieh and Peale 
||966u 1 suggested that the earth 
might in fact be controlling the rota- 
tion of Venus. They called this type 
ot interaction a resonance of the 
second kind t distinguish it from 
the case where the rotation rate of a 
body is determined by its own orbi- 
tal motion, as in the case of Mercury. 

Fvery synodic period of 583.92 
days, Venus apparently makes four 
complete rotations with respect to 
the earth. A retrograde rotation peri- 
od of 243.lt) days produces this type 
ol lesonance exactly, and hence 
Venus turns the same tacc to the 
earth al every interior cor\junction. 
However, an earth lock of this type 
would also occur if Venus had u ret- 
rograde rotation of 1454.93 days, in 
which case it would rotate twice 
b...ween conjunctions, or of 416.69 
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days for three rotations, or 171.67 
days for five rotations, or 132.67 
days for six rotations, and so on. In 
some ways it seems preferable to 
assume that the presently observed 
earth lock is simply a comcidence, 
rather than to believe that the earth 
exerts a powerful dynamical control 
over Venus. If it is simply a coinci- 
dence, that the evolution of the spin 
rate of Venus has just now produced 
a rather unusual geocentric phenom- 
enon, this does not seem to be any- 
more strange than the fact that the 
evolution of the orbit of the moon 
has reached a point where the lunar 
disk IS now almost exactly the same 
si/e as the sun. However, in view of 
the a.stonishing agreement between 
the observed value of the rotation 
rate and the tour to one resonance 
value, attention has been given to a 
dynamical explanation. .-\ particu- 
larly ingenious explanation that relies 
on a canceling of the solar-induced 
atmospheric and solid body tidal 
effects has been proposed by (iolJ 
and Sotcr | 1 ‘>6‘)| . 

Current research on the rotation 
of planets has concentrated on the 
evolutionary paths of their spin axes. 
This is a very interesting problem 
when the orbital elements of the 
planet are allowed to vary, and re- 
cently Pcalc 119741 has studied this 
situation by determining the possible 
evolutionary paths of the spin axis of 
Mercury. 

Planetary Interiors 

The specification of a planetary 
interior is accomplished in all cases 
by assuming hydrostatic eiiuilibrium 
and by integrating the diflerential 
equation 

dp f/’p(r)A/(f) 2 - 

ds .1 3 

where p is the pressure, p is the den- 
sity, to is the angular velocity of rota- 
tion of the planet, and M is the mass 
given by 


.V 

(^a)a^ da 

0 

The independent variable .r is associ- 
ated with the surfaces ol constant 



density within the planet and is re- 
lated to the radius r and latitude 0 by 


r = i| 1 + ejtrj/'j (sin 0) 
+ t 4 (i )/’4 (sin 0) + ••• 1 


One more relation between the pres- 
sure and density is needed before a 
solution for the interior can be 
found. This is the equation of state p 


= /(p). 

The basic problem in finding an 
acceptable model for the planetary 
interior is to specify the chemical 
composition with depth and then to 
liiul a physically realistic equation ol 
stale for the material, often at pres- 
sures and densities that arc unavail- 
able in the laboratory. In this regard 
and also with respect to the equation 
of hydrostatic equilibrium, the prob- 
lem is quite different for the lerres- 
tria! and major planets. 

In the case of the teriestrial plan- 
ets the rotation term in the hydro- 
static equilibrium equation is ne- 
glected, and spherical models are 
developed. The assumed materials are 
taken from ea'*' -iilels. The bound- 
ary condiliot )tal mass and 

the radius o< 


Model:, 
nated by 
sity IS ol li 
hence it is 


are domi- 
nean deii- 
g/enr’ , and 
ol relatively 


dense material vv.lh respect to the 
other terrestrial planets. Modern 
models for Mercury are very rich in 
metallic iron, of the order of 60'/'! ol 
the *otal mass of the planet. hidU'ii 
|1952u, 1973) and Ringwood 

1 1966) suggest that the proximity of 
Mercury to the sun has caused a vola- 
tili/ation of materials wth densities 
less than that of iron. Thus Mercury 
may be chemically quite different 
from Venus, earth, and Mars. 

Interior models for Venus aiul 
Mars follow two very diflereiil geo- 
chemical assumptions. In the first it 
IS assumed that Venus, earth, and 
Mars all have the same overall com- 
position and ilial their cores are com- 
posed of hypothetical nietalli/ed 
silicates The second assumption is 
that the three planets have cores that 
are chemically distinct from their 
mantles, and as a result of this as- 
sumption It IS u.sually concluded that 
the earth, Venus, and Mars do not 
have the same chemical composition. 


.\rguments that the earth has an iron- 
rich coa are favored by Wddt 
1 196 1 I and Kovach and Anderson 
I196.S]. The latter investigators arc 
able to derive models for Venus, 
earth, and Mars with iron-rich cores 
and the same overall chemical com- 
position. but it IS necessary that the 
radius of Mars be 3310 km, a value 
that IS now known to be too small by 
about K5 km. 

Models lor the major planets are 
computed in a much different man- 
ner than models for the terrestrial 
planets are. First of all, their low 
densities imply that they are made 
up primarily of hydrogen and helium 
in some unknown ratio. Current 
models assume that the density p of 
a mixture of .v parts of hydrogen by 
mass and y parts of helium ( v + i- = 
1 ) IS given by 

I/p = (of/p, I -t 0 /pj » 

where P| and Pj are the densities of 
pure hydrogen and of pure helium as 
derived Irom their respective equa- 
tions of state- 

Pi =ffi (/'» 

Ps == A’j (P> 

When the equation of hydrostatic 
equilibriiiin for the major planets is 
integrated, the rotation term is in- 
cluded, and hence the density dcstri- 
bulion within the planet is deter- 
mined to the first order in the small 
parameter q (</ = 

The first-order density distribu- 
tion can be used to calculate the 
second-degree zonal harmonic coeffi- 
cient ./j to the second order in q and 
the coefficients ./a and ./* to the 
third order. Formulas lor evaluating 
Jj. ./a, and Irom a given density 
distribution are given by Zharkov 
and Truhitsyn ||970|. These calcu- 
lated values can be compiired with 
observ -d values, when they are avail 
able, and any- model th.it docs not 
piedicl the correct external gravity 
tield must be discarded. 'The har- 
monic coellicients serve as important 
boundary conditions on the models 
of the outer planets. 

An inversion ot the gravity for- 
mulas has .ecently bc?n perlornied 
by W.H Hubbard (work in prepara- 
tion, 19741. Under the assumptions 


ill 
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that the planet Ls in hydrostatic 
equilibrium and that the density near 
the surface varies smoothly with 
depth, assumptions that are probably- 
satisfied by the giant planets but cer- 
tainly not by the terrestrial planets, 
it is possible to compute the density 
distribution in the outer layers of the 
planets from given values of Jt, Jt, 
and Je. Then, by integrating the 
equation of hydrostatic equilibrium, 
the variation of pressure with depth 
in the outer layers can be obtained as 
well. In this way an empirical equa- 
tion of state for the planetary materi- 
al can be obtained to a sounding 
depth of about 3000 km for Jupiter, 
3600 km for Saturn, 1000 km for 
Uranus, and 500 km for Neptune. It 
LS indeed remarkable that we expect 
to learn a great deal about the cheni- 
Lstry of the giant p'anets simply by 
observing the orbital motions of 
llyby spactcrall and orbi'ers, but 
this happens to be the ease. Seisino- 
logical data will continue to be the 
chief source of information on the 
internal structure of the terrestrial 
planets, but it is expected that the 
external gravitational fields, as deter- 
mined from the Doppler tracking of 
spacecraft, will be the primary source 
of information on the internal struc- 
ture of the giant planets. 

Theoretical models for Jupiter 
and Saturn have been calculated by 
Dc Marcus 11958], Peebles {1964], 
and Hubbard [1968. 1969, 1*1701. 
Reviews of this work are available 
[Hubbard, 1973, Hubbard and 
Smoluehowski, 1973). The main 
con. plication in constructing models 
is to account for the fact that Jupiter 
and Saturn radiate more energy into 
space than they receive [J.ose, 1966, 
Aurnann et ai, 1969; (iulkis and 
Poynter, 1972). Radio emissions in- 
dicate that Jupiter radiates about 2.7 
times more energy than it receives 
from the sun, and Saturn radiates 
about 2.4 times more than it re- 
ceives. This implies that some very- 
high temperatures of the order of 
thousands of degrees may be reached 
in the interiors of Jupiter and Saturn. 
Valid models must take these high 
temperatures into account and must 
evalu ite the effect ol a finite tem- 
perature on the equation of stale of 
the hydrogen-helium mixture. This is 
not .in easy problem. Interior models 
for the outer planets, particularly 


Jupiter and Saturn, are a subject of 
active research at the present time, 
and It is anticipated that upcoming 
Pioneer and Mariner missions to the 
planets will provide some very useful 
information on their gravity fields 
and atmosphere. Models should be- 
come much more definitive within 
the next few years. 
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T HF !-illh crop Research Conler- 
ence, on Planetary Dynamics and Ge- 
isdesy, was held October 8 9, 1973. at 
the Ohio State University and was at- 
tended by 55 persons. On behall ol the 
Gl'OP stcennjt committee the eonicrence 
was opened by Ivan I Mueller, lollowcd 
by Jack Lorell tJPL), program chairma' 
fhe intioductory lecture was delivery by 
John I). Anderson. The lecture in its en- 
tirety IS printed elsewhere in this issue. 

First Session 

/'arte/ on Gravity Fields 

Chairman R.H. Tolson (NASA, l.anuley 
Research Center) 

Members W.T Hlackshear (NASA. LRC). 
J.F. Dixon (JPL), P 1 sposito (JPL), 
W M Kaula (UCLA). J. Lorell (JPL), R 
Reasenberp (MIT) 

In his opening remarks. Tolson noted 
that the keynote address by John 
Anderson was sulficiently comprehensive 
that no further review of the status of 
planetary gravity fields was required. In- 
stead, he addressed his remarks to what he 
called one of the main problems in plane- 
tary gravity field deternunation, namely, 
how to extract meaningful and accurate 
gravity fields from the precise tracking 
data that is becoming available from plane- 
tary orbiters. 

There is a tendency on the pirt of 
experimenters to try to fit their data to 
the noise level. This is usually attempted 
in a planetary gravity field analysis by 
increasing the degree of the spherical har- 
monic wt being estimated However, 
because of the restricted observability 
associated with planetary missions (e.g., 
limited range f orbit geometries, occulta- 
tions, and data spans), increasing the de- 
gree of the gravity field usually leads to 
obvious abasing in the estimate before all 
the information is extracted from the 
data. Thus the analyst suspects that the 
remaining signal is biasing the estimate, 
but he also knows that the observability of 
the system will not support a larger solu- 
Oon set 

Tolson pointed out that the mascon 
approach of Sjogren and Muller has the 
advantage of yielding good local fils hut 
permits no extrapolations. On the other 
hand, spherical harmonics |iernill extrap- 
olation hut provide poorer Ills to the 


This report was prepared by C.C. Counsel- 
man III, W.H. Hubbard, Ivan I. Mueller, 
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trackmg data. He proposed that future 
studies should give consideration to other 
techniques, such as surface density mod- 
els, constramed global mascon models, and 
high-order spherical harmonic models with 
geophysical constraints. Moritz com- 
mented that constiBined solutions had 
lieen used successfully lot many years in 
the reduction of geodetic data. 

l-.sposito presented a tentative chronol- 
ogy for the M.iriner Venus-Mercury mis- 
sion from the launch in November 1973 to 
the Venus and Mercury encounters in 
February and March 1 974, respectively. If 
an 'extended mission' should materialize, 
the spaiecralt will go througli superior 
oonjunction in June 1974 and encounter 
Mercury lor a second lime in .September 
1974 He emphasized the celestial mechan- 
ics aspeci. ol the Mercury encounter phase 
of the mission and repotted that prelllght 
analysis ol siiiiulated data indicates that 
Mercury's gravitational constant (<',Vf will 
be deieriiiincd within 0,1 to 1,0 km’ 
wc ’ The evaluation of the gravity coeffi- 
eienlsyi, t'j.s, and ,Vj,j is critically de- 
pendent on obtaining high-quality Doppler 
sliift data within encounter t30 mm The 
results of the pretlighl analysis indicate 
that /j will be determined with an accu- 
racy of ( 1 to 10) X KT’, and Ci.j and 
5j., should be evaluated within (0.5 to 
5.0) X 1(7’ These results represent 2- to 
3-ordet of magnitude improvement in 
Mercury's mass and the lir>-t experimental 
deterintnalion of parameters related to 
Mercury’s gravitational field. 

In closing, I sposito mentioned that the 
Venus flyby will yield an independent 
evaluation of the planetary mass (previous 
mass dcteriniiiations have been deduced 
from the Mariner 2 and 5 data) as well as 
mfined and independent inlormatlon on 
the low-older gravity coefficients 
Ji- f 1 . 1 . and .9j, , in the potential expan- 
sion, as Was discussed by Anderson in the 
keynote address. 

Hlackshear discussed the gravity field 
determination problems associated with a 
Venus orbiter having an orbit geometry 
similar to that proposed for the Pioneer 
Venus orbiter The main problem is associ- 
ated with the orbit geometry, particularly 
the fact that a polar orbit is proposed with 
an apoapse .iltitude ot 61,01)11.0 km and a 
|K-riapsc altitude of 3(10.0 km 

Owing to the curren' preliminary 
status ol the I’loncet Venus 1978 orhitet 
mission design. Hlackshear did not con- 
duct a s omptehensive error analysis. 
Halhei, his analysis ohialned order ol mag- 
nitude resiilis on, and insight Into, gruvlla- 
lionul effecis and the anticipated accuracy 
of estimating graviiaiional paranieieri 
from poslllighl analysis o' such data 
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He showed that a direct analysis ol 
Doppler data, spanning a 5-orbit interval, 
has an ultimate estimation accuracy of 
IIT’ to Itr* lot the seconc-deerce spheri- 
cal harmonic coelficients in the gravita- 
tional potential function. However, the 
biasing eftects of unestimated gravitational 
coefficKnts through degree 5 degrade this 
accuracy to the order of 1(1*. He esti- 
mated that by judicious selection of 
parameter solution sets and data arc 
lengths, the direct analysis of Doppler data 
should yield a postflight eslimalion accu- 
racy ol 1(1’ for (he second-degree liar- 
nionic coefficients. On the other hand, 
Black shear's results ol the analysis of long- 
period and secular variations in the orbital 
elements indicates this is not j productive 
method of analysis lot this mission. As 
illustrations of this point: (1) the ascend- 
ing node variations due to the second-de- 
gree coeflicients are, to lirst order, zero 
for the nominal imssion, and (2) the varia- 
tion III argumeni ol periapse due to the 
coeflicient Cj,o amounts to aj-ptoM- 
tnately 0.02 degrees over the compkte 
mission if the current bound of l(f’ for 
C'j .o IS used. 

Dixon reviewed the anticipated results 
from Jupiter and Saturn gravitational 
experiments to Ixr performed on the Pio- 
neer and Mariner missions. It is reasonable 
to assume that these two large, highly 
spinning, low-density planets will 1 k" in 
hydrostatic equilibrium. Thus the even- 
order zonal harmonics are expected to 
dominate then gravity fields Dixon cited 
a pretlight error analysis that had been 
performed by George Null at JPl. which 
shows th.->t Doppler tracking of the Pio- 
neer 10 Hyhy of Jupiter will permit esti- 
mates of and lo better than 10’ and 
of the Galilean satellite masses to about 
1%. The Jupiter mass estimate is expected 
to be accurate to 200 500 km’ sec’, 
standard deviations. Unfortunately. Man- 
ner Jiipiter-Salurn tlyby data will not sig- 
nificantly aid in determining planetary 
coefficients owing to the relatively large 
encounter distances. 

Doppler determinations of the Saturn 
even zonal coefficients will be complicated 
by a perfect correlation between these 
parameters and the mass contained in the 
rings. I- urthermore. if the ring mass is at 
least 1 .5 X 10* Saturn masses, as has been 
suggested by Bobrov, the planetary terms 
with order greater than 6 will be insignili- 
carit compared with ring contributions. 
Dixon noted that interactions Oetween the 
rings and Saturn have yet to be considered 
in planetary interior models. 

l.orell presented a sumiuary ol and 
status report on the Mars gravity Held 
anaivsis at IPl He pointed out that we 
know more about (he gravity ol Mars than 
that of any other planet, thanks lo Man- 
ner 4 Prior lo Manner 1, llic massoi 'l.iis 
and llic value ol the oblatcness coellicieni 
./j were well known (on (he basis ol oh 
servalions ol ihe naliiral salclliles) Now 
we have m addilion a I airly delinitive 
fourth-degree harmonic representation ol 
till' gravity Held. 


Mars is seen to be an oblate spheroid, 
with a marked gravitational bulge at about 
1 KfW, in the area known as Thariis. This 
bulge dominates the gravity Held and is 
associated with the four large volcanic 
peaks that identify Ihe Thatsis area. 

Several techniques were used by JPL in 
deriving the fourth-degree gravity model. 
The two most efieclive were ( I ) the direct 
least-squares lit lo the data by using 
sphencal harmonics and (2) Ihe Hi lo pen- 
apsis Jala over one resonant cycle by using 
92 mass points distributed over Ihe sui- 
facx-. These' two techniques, which are 
quite different, yielded remarkably consis- 
tent results This is a considerable achieve- 
ment in view of the fact that in a com- 
parable comparison for lunar gravity this 
was never accomplished, 

A few of the most important harmonic 
coeflicients from this model are as lol- 
lows 
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The large size of y,.j (4 times that of 
the corresponding ciK’fficicnl lor the 
moon) is associated with the Tharsis bulge 
and was one of the surprises in the Manner 
9 data. 

Reasenberg discussed the evolution of 
the Mars gravity field analysis being per- 
formed at MIT. He reviewed Ihe early 
short-arc analysis ol the Manner 9 tracking 
data, which yielded a number of sets ol 
spherical harmonic expansion coelficients 
for the Mars gravity lield. These were used 
successfully in support of the mission navi- 
gation elfort. When examined for geo- 
physical purposes, however, these naviga- 
tional models proved lo be inconsistent 
with each other and Iheretore unusable. Il 
was decided that Ihe data must be used in 
batches, each of which contain a complete 
19-day resonant cycle. 

1 o test this idea, three models were 
made by combining two !9-day arcs with 
a total of about 5X10’ Doppler data 
November 16 December 4, 1971, and 
January 6 25, 1972. These models were 
of sixth, seventh, and eighth degree All 
harmonic coefficients through the indi- 
cated degree were estimated, as were two 
spacecralt slates, one for each arc. When 
these models were 'cpresented as equipo- 
icnlial contour maps, it appeared that the 
sixth- and seventh-degree models were 
reasonable but that Ihe eighth-degree 
model contained large iionphysical arti- 
facts. 1 hesi’ were assuiiH'd tc. Iw byprod- 
ucts ot iiiiniodeled eliccis such as those 
due lo Ihe highei harinoim s ol Mars and 
space! rat I gas leaks 

A solution lo Ihe artilacl prohleiii was 
sought III ihc loriii ol a liiiiiled iiieiiiory 
liller (1 Ml ) Ihc dala were broken inlo 
lour arcs, each 9 5 days long, and Ihe har- 
monic coeflicients were estimated along 
with Ihe four stale vectors. This resulted 


in a smoothing of all three models. The 
process was repealed on two additional 
dala sets: December 4 23, 1971, and 
January 25 I ebruary 13. 1972; 1 ebruary 
13 March 22, 1972 The complete set of 
IS fully converged models can be judged 
in terms of Ihe internal consistency of Ihe 
SIX groups of three, in which members of a 
group diller only in the choice of data set 
It IS found that the higher-degree groups 
are less consistent and that lor a given de- 
gree Ihe 1 MI models are more consistent 
lhan Ihc unliltered group. 

KeasenlK'ig concluded by saying lhal, 
on Ihe basis ol iheir experience with these 
models, lulute work will include (I) 
improvement ot the spacectall molioii 
model, (2) iinpleiiientation ol other til- 
lering techniques, and (3) use ot all Ihe 
data in a single solution. 

Kaula presented a general discussion ol 
anticipated gravity Held variations based 
on Ihe MU' rule lor the magnitude ol 
normalized gravitational coellicienls Om. 
,9/m He argued that ihe rule appears lo be 
a consequence ol Ihe lad lhal (he cliaiac 
(eristic length ol plienoiiKMia causing den- 
sity irregiibrilies is small compared wilh 
plaiielary radius. Il the size ol the iiregu- 
larilies depended solely on the siiiiie yield 
stress for all planets, then the laclor M 
Would be ptoporlionale lo l/g’. On actual 
planets, density irregularities depend mi 
imbalance between dynamic and passive 
ellecls most plausibly, iii(erac(>on be- 
tween mobile (asthenospherid and s*!|i 
(lithospheric) parts The moon (K(l(l «.m 
lithosphere) has a lactor M that is one- 
third lhal predicted Ironi Ihe earth (80 
km); Ihe M lor Mars (200 km?) is three 
limes lhal predicted These results suggest 
lhal M for Venus (700' (' surlacv lein(Kia- 
(iire) IS smaller by 1,'g’ than was predicted 
ftoiii Ihe earlh. .1/ lor Mercury is inlerme- 
diaie between those predicieci Iroin Mars 
and the moon, and the iionhydrostalic 
variations in the major planets are immea- 
surably small. 

1 he sliort characierislic length indi- 
cated by the Wl’ rule means lhal whether 
spherical harmonics are Ihe appropnate 
a'presentalion ol the gravity Held depends 
much more on the physics ol the artiHcial 
sa'elhle .irbil than on Ihe physics ol ihc 
plane! Lor example, high satellite altitude 
and rapid rotation ol Ihe planel lavor har- 
monics Regardless ol the mode ol repre- 
scnlation. the ill conditioning inhemnl in 
Hacking an orbit around a distant body 
makes a prion sigmas for Ihe gravity varia- 
tions and singular value analysis desirabk'. 

Second Sevsion 

fund on Shape ami lopographv 

('haitni.iii ('( ('oiiiiselman III (Ml I ) 

Membeis Dll ( aiiipbell lAreciho and 
llaysiack), R M (.ohislein (Jl'l ). ( W 
Hold lllniveisily ol ( olo'vdo). HI' 
lug. ills 1 1 l.is st.ic k ). II M.isu'ssy (t'SGS). 
R ,S. Saiinclers | ll’l ) 

Our ciirrenl knowledge ol the shape 
;md topography ol planets other lhan Ihe 
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earth and moon is so liimted that it is still 
possible to summarize essentially all this 
knowledge in one panel session. Our infor- 
mation on Mercury and Venus comes 
mainly trom earth-based radar observa- 
tions by the GoMstone, Haystack, and 
Arecibo observatories. Poor signal-to-noise 
ratio has si-verely limited the resolution of 
these observations and has combined with 
the low spm rates and obliquities to limit 
the planetary surface coverage. Neverthe- 
less, important characteristics of the 
topography on these planets have 
emerged, and a tew features such as craters 
and scarps have been measured in sortK 
detail. 

Topography on Mars was also lirst ob- 
served by earth-based radar, and such 
observations continue with ever-improving 
accuracy and resolution, but the Manner 9 
orbiting spacecraft has given us a much 
closer look with excellent resolution and 
planetwidc coverage. Five distinct tech- 
niques using the spacecraft yield topo- 
graphic information: (I) ultraviolet spec- 
'roscopy, (2) infrared spectroscopy. (3) 
occultations, (4) television stereogram- 
iiKtry, and (5) the more qualitative tele- 
vision imaging. The first two o! these tech- 
niques yield the heiglit of the physical 
surlacv of the planet with respect to an 
isobanc surface of the atmosphere. Combi- 
nation of these results with those trom 
earth-based radar and spacecraft occulta- 
tions yields information also on the Mar- 
tian gravity field. A more direct deter- 
mination of the gravity field is obtained 
by tracking the spacecraft’s orbital mo- 
tion. It is important to compare the results 
of all techniques. 

As we attempt to infer from the 
limited data available what dynamical 
proces.ses have determined the shape and 
topography of Mercury, Venus, and Mars, 
we must not make analogies with terres- 
trial features without asking whether simi- 
br conditions apply. We have seen several 
times, in the case of Mars, the mistakes 
one can make by overextending terrcstnal 
analogies Before Manner 4, alter Manner 
4 but before the first radar measurements 
of topography, and again after the latter 
;iiva.surcinents were made but before Man- 
ner 9, false conclusions about Martian 
topography and dynamical processes were 
based on terrestrial analogies. We cannot 
claim to be immune to such errors today . 

R.P. Ingalls desenbed surface height 
profiles near the equator of Mercury mea- 
sured by the Haystack radar at five in- 
terior conjunctions in 1971, 1972, and 
1973. The echt- from Mercury was re- 
solved in delay and Doppler shift, and the 
shape of 'he leading edge of Mercury along 
tlie Doppler equator (that is, in the plane 
passing through the center ot mass and 
normal to the instantaneous apparent rota- 
tion axis) was determined by observing the 
time delay of the first echo returned in 
each Doppler cell. Resolution was equiva- 
k-nt to r in longitude and about 2° m 
latitude About 1-2 km of height varia- 
tion is seen over 10° 20° of longitude, 
and no more than about 4 km is seen 
around nejirly the entire equator, at least 


not at this resolution scale. A lew rela- 
tively sharp features with approximately 1 
km of elevation change in a horizontal dis 
tance of 40 km have been seen in repeated 
observations. Overall. Mercury seems to be 
signiticantly smoother on horizontal scales 
greater than a tew tens of kilometers than 
all the other lerrestnal planets. 

D.H. Campbell reported measurements 
ol topography on Venus by both the 
Arecibo and Haystack radars and spanning 
five years As in the case ot Mercury, the 
Venus measurements are all taken within a 
few degrees of the equator, but all longi- 
tudes on Venus have been well sampkd 
with approximately 1° resolution. Mie 
maximum-to-mimnium height variation 
■cen on Venus is about 6 km. On Venus as 
on earth and Mars, the major topographii 
features extend over thousands ot kilom- 
eters, but occasionally much shar|K*t relict 
with a lew kilometers of elevation change 
over UMI km liori/ontal distance is lound. 
Venus also resembles earth and Mars in 
having some large portions of its surlaie 
significantly smoother than other por- 
tions Such contrast is observed on hori- 
zontal scak's from 1000 km down to 10 
cm. There is a icndency foi highci aieas 
on Venus to be rougher. 

R.M. Goldstein described observations 
of Mercury. Venus, and Mars with the 
210-ft-diamctcr Goldstone radar telescope 
Dclay-Dopplcr maps ol the subearth re- 
gion on Mercury confirm in more detail 
the topographic features noted by Ingalls 
and suggest that some of the sharper fea- 
tures are craters. The first topographic 
map of Venus made by the leclinique ol 
delay-DoppIcr interferome'rv sliows a 
large crater. 600 km in diame.er and 6 km 
deep with a very fiat floor. Farth-based 
radar profiles of Mars have vertical resolu- 
tion often better than 100 m, with lion- 
Zontal resolution of tens of kilometers or 
better. Detailed elevation profiles have 
been measured by earth-based radar tor 
many surface features, such as craters, 
seen in Manner 9 '.elevision pictures. 
Because Mars rotates rapidly and has bevn 
observed o.er much ol its orbit, there is 
no difficulty in distinguishing orbital ef- 
fects from surface radius in radar ranging 
measurements. Thus radar is also useful to 
establish abscdule zero levels and scale fac- 
tors for some of the spacecraft-b.ised 
topographic measurements. 

C.W. Hord discussed and compared 
measurements of surface relict on Mars 
made by Mariner 9 using four diffCTent 
techniques Both the radius of the physical 
surface and the atmospheric pressure at 
the surface were measured by the radio 
occultation experiment at a nunibei ot 
points formiiig a coarse grid over the 
whole planet. Spectroscopic experiments, 
both ultraviolet and infrared, provided 
extensive surface pressure incasurem.'nls 
south ot 20' N latitude l or a tew selected 
leatures, highly detailed altitude piofiles 
have also been obtained from stcreosc-ipic 
pairs of television pictures. By using values 
of the surface radius and pressure mea- 
sured by radio occultations to i^libtatc 
ultraviolet spectrometer (3050 A) mea- 


surements of atmospheric scatlenng, lopsi- 
grapliic maps with 10 X 30 km spatial 
resolution can tic obtained tor much ol 
die planet. In this way. delalled altitude 
profiles have been made of the great rift 
region and the 'middle spot' volcano. 
Good agreement is found, for most of the 
planet, lielween height measurements by 
the ultraviolet spectrometer and by the 
infrared spectrometer looking at the opti- 
cally thin edge of ihe 15-u band of COa 
Comparisons have also been made between 
the ultraviolet pressure data, converted 
ivithermally to altitude, and ground-based 
radar data from Haystack and Goldstone. 

I rrors in the pressure-lo-allitude conver- 
sion and differences in the fields of vk'W 
of the ditferent measurements are believed 
to contribute most signiticantly .uid 
jppioxiiiiately equally to the disagree- 
ment. generally less than I km, lietween 
heights measured by the two methods 

R..S. Saunders correlated Martian grav- 
ity tield results from analysis ol Mariner 9 
orbil-lracking data with topographic infor- 
mation Over most of the planet, varia- 
tions in the gravity field follow closely 
what would be expected lor a homoge- 
neous planet, that is. the surlace height 
variations are not isostulically com|ien- 
uied Howevei, ovei Tharsis there is an 
anomaly ol about Sdll niGal observed at 
an altitude ot a lew hundred kilometers. 
The height of the topography here is 
about iwicx- what one would expect from 
tlie gravity field on the basis of the rela- 
tionship between giavity and topography 
observed over most of Ihe planet. The 
topographic peak in Tharsis is also much 
broader tlian the gravity field peak 

H. Masursky related results from the 
Manner 9 television experiment to those 
of other experiments, both aboard the 
spacecraft and ground based, and empha- 
sized geolopc and geophysical interpreta- 
tions ol these observations. 

Dunng the Manner 9 mission to Mars 
the entire surface ol the planet was photo- 
graphed at a resolution of 1 3 km, and 
I 291 of the surface was sampled with a 
long fsKal length camera at a resolution of 
I (K) 30(1 m. 

The highest points on the planet, all 
near the equator, are (he great vulcanic 
pile at Nix Olympica and the three volca- 
noes along (he Tharsis ridge. Olympus 
Mons IS 500 km in diameter and nses 
about 27 km above its base. The peaks 
along the Tharsis ridge rise about 17 km 
above the neighbonng Amazonis basin. 
The complex summit calderas and the 
lorm of the flank flows indicate that the 
great volcanoes may lie basaltic to ande- 
sitic in composition. The crispness in de- 
tail of Ihe flows and lack ol superposed 
impact craters indicate that the Hows are 
gt-ologic ally youthful. The great low-lynig 
plains that occupy most ol the norlheiii 
hemisphere are covered by lobate lava 
Hows and studded with many shield volca- 
noes. implying a basaltic composition 
l x tending east from the Tharsis ridge is a 
little-craiered young plateau underlain by- 
layered. probably volcanic ro ks The 
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pbicau IS cut into a mosaic ol lault blocks 
and is transected hy a {treat rilt valley that 
extends 5tHKI km to the east and is as 
much as 75 km wide and 6 km deep. The 
tectonic activity responsible for the fault- 
uig and rifting cuts the younpest rocks and 
may still be continumt;. 

The southern hemisphere is largely 
underlain by hiph-siandiny!. ancient, 
heavily cratered rocks. The largest impact 
basin on Mars. Hellas, is almost twice the 
sue ot the latite-.l one on the moon, the 
Imbnum basin. There are ancK’nt heavily 
cratered volcanic centers in the southern 
uplands that resemble terntslrial rint> dike- 
cone sheet complexes. On earth these 
compfexes are composed of highly diversi- 
lied and. in many cases, highly differenti- 
ated silica-rich rocks. Volcanic activity on 
Mars thus appears to have occurred over a 
wide interval of time Irom the earliest 
decipherable records until reevni limes. 

The polar regions are underlain by very 
young glacio-colian layered deposits that 
ate iK’iiig actively redistributed by the 
wind now. They apparently occupy a 
bowl-shaped depression. If this depression 
Was caused by the weight of the overbur- 
den I'l sediment ..nJ ice, it would seem 
that the Martian crust has responded simi- 
larlv io the earth's crust, which, in the 
Hudson Hay region and elsewhere, was 
depressed by the North American ice sheet 
during the I’loistocenc- epoch. 

In contrast to the polar regions, the 
Thatsis ndge with its superincumbent vol- 
lunic pile stands high, and the center of 
mass ol the planet is displaced troni the 
center of ligurc almost 2 km in the duec- 
tion of ihis bulge. l urthermore, the center 
of figure -center of mass displacement is 
almost .1 km in the direction ol the south 
pole. II the low-density, diftercntiated 
early crust was unilormly distributed early 
in Mars's history, as it apparently was dis- 
tributed on the :-,oon, it has been stripped 
from the northern half of the planet and 
transported to the scuthetn half Convec- 
tion within the mantle may have been the 
driving force. Dynamically, Mars may thus 
iK'cupy an intermediate position between 
the earth and moon. The earth has about 
15'"' oceanic crust Ibasaltic malcnal over- 
lying mantle). Mars about 5t)'/;, and the 
nicHin about 20','. 

Third Sevsion 

Pane! on Rotation anti Spin-Orhit 
Coupling 

Chaitmant .S 1 t’ealc ICCSH) 

Members J..-\ Hums (Cornell), (i Colom- 
bi' I I'niversidad dc I’adova), K (iold- 
slein (IIM ). R (ireenlH’rg (University ol 
Ari/ona). W Ward ( Harvard) 

Considerable interest and aclivily in 
the study ol the liislorical and uirreni 
rotation ol solar systeni bodies was re- 
newed by the development of planetary 
radar during the last decade. The aiiiima- 
lotis rotations ot both Mercury and Venus, 
which were determined by radar, forced us 
to reorder our thoughts or p s>i!-.n pri- 


mordial states ot rotation and on the 
evolutionary paths to the currently ob- 
served states. 

Several eflccts alter (he primordial spin 
of a solar system body Any nonprincipal 
axis rotation will decay to a rotation 
about the axis of maximum moment ol 
inertia troin internal energy dissipation, 
unless this dissipation is compensated by 
vtme regeneration of the wobble. Tidal 
triclion alfoids a means ol transterring 
angular momentum in a secular way l)c- 
tween the spin and orbital motions, and 
indirectly, between the orbital motions ol 
the satellites ot the major planets. I inally, 
cxmservalive tonjucs also eftect transfers 
ol angular momentum between orbit and 
spin. The most obvious ol these is the ten- 
dency lot a spin vecloi to preevss uni- 
formly about the orbit normal while main- 
taining a constant oblitjuity. An example 
is the preevssion ot the equinoxes for the 
earth. Important Iraiistcrs ot angular 
momentum also result from torques due 
to the axial asymmetry ol a spinning body 
when the spin is commensurate with the 
orbital motion. A tree libralion o) 'he 
moon leads to a periodic transfer. The 
mainlenancx- ol ihc spin rate ol Mercury at 
precisely 1.5 limes its orbital angular ve- 
locity requires ihal the conservative 
torque on the axial asymmetry ol Mercury 
have a secular component to counteract 
tile dissipative tidal torque The unchang- 
ing rotation ol a planet or satellite at a 
rale commensurale but not necessarily 
synchronous with its orbital motion is 
now referred to as spm-orbil coupling. 

The subject ot rotation and spin-orbil 
coupling in the solar system has grown 
very diverse. The dynamics are lor the 
most part reasonably well understood, but 
the introduction ol more degrees ot tree- 
dom, which arc necessary to describe and 
explain man; of the -ibscrvalions, cilten 
leads to surprisiiig bonusc-s o! intormation. 
The importance ol the study of rotational 
dynamics in the .solar system is empha- 
si/ed by some of these bonuw's of infor- 
mation presented by the panel members. 
Unfortunately, not all the important 
topics could Ih- presented, and a lime 
limitation prevented a thorough discussion 
of many of the subjects that were intro- 
duced. This summary contains some de- 
tails that were mentioned but not thor- 
oughly discussed. 

R Goldstein presented recent radar 
data on Mercury and Venus (hat used an 
improved range-Doppler technique to 
yield remarkably high resol, i lion ol sui- 
face fealures ol both planets With a reso- 
lution of about 7 km on Mercury and a 
lillle Worse on Venus, craters were iilenli- 
lied on both planels Inlerleronielry was 
used in conjunction with the range- 
Doppler lechnii|ue on Venus Io cTiimnale 
the north-south ambiguity and improve 
a'sohilion. The lad.ir ledinique lor using 
the lealures to delerimne both ihe rota 
Hon rale and 'he direction ot Ihc spin vec- 
tor- was reviewed The current deter- 
minations ol Ihe Venus spin vector ol 
243.0 t 0 I days rein-grade magnitude 
and direction within about 3" ol Ihe oibil 


normal should be improved considerably 
when the technique is tully ulili/ed. A 
spin direction lor Mercury could eventu- 
ally be determined to 0 3‘ . 

(> Colombo emphasi/ed the connec- 
tion ol the study ol rotation With the his- 
tory and origin ot the solar system as well 
as a means ol constraining Ihe interna! 
physical parainelers ol the body. I'rimur- 
dial spins. It iliey are known, establish 
another initial condition for solar sysieiii 
lormalioii. and the subvequenl history ol 
those spins may lx- limited by current 
observables. (An example lhal was not dis- 
cussed but that illustrates the determina- 
tion ol physical propcrlies is that the rel- 
lograde spin ot Venus requires either a 
licjuid core or almospheri - thermal tide to 
stabilize It againsi disruption by the gravi- 
tational tide.) The many cases ol sptn- 
orbil coupling (mostly synchronous rota- 
tion) and urbil-orhit coupling (cciimiK-n- 
surabilitv of orbital mean motions of 
sated tes c-l major planels) cannol lx- due 
to chance and they rei|iii:e secular 
changes • idacvc! by di-s-native tides, 
•a’.icii bring the various systi ins to these 
n-sonaiil suites Our understanding ot the 
nonsynchronou'. spiiiHirbil conimensur- 
abdilies, such as that displayed by Mer- 
cury . was reviewed. T he disiupliou ot such 
commeiisurabililies by ihe tides is easily 
pieveiited by torques due to gravitational 
mleraclion with a permaneni axial asym- 
metry. which lend to resiore the align- 
iiH-iil ol Ihe axis ol mmimuin moment ol 
inertia with the piimary when Ihe body is 
at Ihe pericenler id an eccentric orbit. T he 
assumption ot a lived orbit and a spin nor- 
mal to the orbit plane is sulticient for 
understanding the mam lealures ol spin 
orbit coupling ol the type exhibited by 
Mercury . 

R (ireenix-rg was able to use his de- 
tailed study o,’ the establishment of orbit- 
orbit icsonaiicvs about Saturn to place 
ralhei severe consirainis on the dissipative 
properties ot lhal planet. ITiis is another 
example ol Colombo's statement uf Icarn- 
iiq about physical pro|x.‘rties ot a planet 
by studying the evolution ot the dynam- 
ical system. 

Greenberg reviewed the constraints on 
the s(x-cdic dissipation tunclion y near a 
value ol b X Id*, which was determined 
by I’ Golda-ich and S.I.. Soler and which 
was based on the nearness of tne satellite 
Mimas to Saturn A smaller value ol (/ 
would imply a greater iransler ot angular 
momentum to Mimas Irom Saturn over 
the age ol Ihe solar sysiem. A larger value 
ol (J would not luive allowed the tidal 
ongin ol Ihe present orbital coinmensur- 
.ibililK's Now lhal a mechaiiism lor tidal 
evidulion into an orbital comiix-nsuiabd- 
ily IS understood. Ihe lollowiug additional 
consliaiiils on the amplitude and tre- 
qiiency dependeiicr ol are established 
(I) tidal evohilioii ot Ihe I Hau l ly perion 
resonance would have rei|uired (.( lor the 
tides raised by lilan to lx- teiilold sniallei 
than Ihe mniimum (> lor tides laised hy 
Mimas. (2) models of the origin ol the 
MimavTelhys and 1 nceladus Dione reso- 
nances require that m each c ase ihe period 
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ratio have been lowered (by independent 
tidal evolution ol each satellite's orbit) 
from a previously higher value to its pres- 
ent value of 2; and (3) if the orbital com- 
nH-nsurabilities are indeed due to tidal 
evolution, the amplitude and trequency 
dependence of the planetary (J must be 
such as to reproduce the diflerent rates of 
evolution for the various satellite pairs. 

Cioldreich's and Soier's estimates ol Q 
for other planets were also briefly re- 
viewed. as was S I iJemiott’s suggestion 
tJiat Q varied with lime as the planets 
cooled to meet the constraints of orbital 
evolution. As yet no detailed tidal model 
hxs been established for the major planets 
which attempts to match all the con- 
stramts. 

W Ward showed that our ideas of uni- 
form precession of a spin vector about the 
orbit normal at constant obliquity need to 
be drastically revised if we relax the con- 
straint of a fixed orbit. This is an example 
of a bonus of information that was ob- 
tained by allowing additional degrees of 
freedom and that may lead to an under- 
standing ol past Martian climatology and 
die generation of some surlaiv leatures. I). 
lirouwer and A.J.J. Van WHerkom lound 
tiiat changes in the inclination and longi- 
tude ol the ascx'nding node of any orbit on 
die invariable plane of the solar system 
txiuld be represented by seven periodic 
forcing terms. The response of the obliq- 
uity to these terms is analogous to a 
forced harmonic oscillator with Us natural 
frequency identitied with the trequency 
for precession of the equinoxes. If the 
natural frequency is more rapid than the 
forcing frequency, the respsinse is sup- 
pressed. This corresponds to the earth, 
which experiences only ~2“ vanalion. It 
the natural and forcing frequencies are 
close, resonance occurs, producing large 
oscillations. Mars occupies this slate, and 
obliquity variations approach ~20‘. There 
are rapid oscillations (1.2 X 10* years) 
superimposed on a slower variation in the 
amplitude (1.2 X 10* years). Some impli- 
cations of these oscillations to the past 
climate of N ars were briefly discussed. 

J.A. Burns summari/ed the observa- 
tions of the rotations of 65 asteroids with 
known properties. All asteroids seem to be 
in pure rotation with no apparent wobble. 
The mean rotation period is S.S hours. 
Asteroids that are small or irregular, or 
both, generally spin taster than this, pos- 
sibly Indicating substantial collisions with 
other asteroids. The collisional history of 
the asteroids mtght be inferred by the 
persistence of nonpnncipal axis rotation 
and the distribution of obliquities. Non- 
principal axis rotation was show n to damp 
rapidly owing to internal energy dissipa- 
tion exu:pl perhaps for the very snullest 
observable asteroids (r <• I km), and we 
would expect to see no remnant wobble at 
estimated collision rales. Inlerasleroid col- 
lisions should scatter the oblui'iilics ot the 
asteroids except for perhaps the largest 
ones, which may retain their approximate 
primordial obliquities. 

S.J. Peal discussed the tidal evolution 
of pb.netary obliquities in the case where 
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the orbit plane precesses at a unilonn 
angular velocity and maintains constant 
inclmatiiin to the invariable plane. Ihis 
rcslriction eliminates the large fluctuations 
m obliquity due to conservative forces 
that were discussed by W. Ward. Such a 
study IS an example where constraints on 
primordial spins can be esiabbshed or, 
allemalivcly. where prejudices about such 
constraints can be relaxed. The moon. 
Mercury and the natural satellites of the 
other planets are examples to which the 
analysis can be applied. 

Colombo. Peale, and V.V Helctskii 
have separately discussed the generaUra- 
lion of Cassini's laws (which dcscnlH- the 
lunar rotation) to other bodies, most 
importantly to Mercury. If Cassini’s laws 
are applicable, the spin vector of a body 
may occupy either one of three positions 
or one of two positions fixed in the plane- 
defined by the orbit normal and normal to 
the invariable plane as this plane rotates 
with the orbital precx-ssion. Three posi- 
tions ot spin stales are possible if the ratio 
I'io/u > 1 where is the preix-ssional 
angular velocity the planet would have if 
Uie orbit were fixed and m is the angular 
velocity of orbit precx-ssion. .State I is near 
the orbit normal (small obliquity) but is 
opposite the normal to the invariable- 
plane. Slate 2 is near the orbit plane (ob- 
liquity near 90°). Slate 3 is nearly anti- 
parallel to the orbit normal (obliquity near 
1K0°). This IS the situation applicable to 
Mcicury II > 1 . only two spin stales 
are possible. Stale I no longer exists, and 
stale 2 IS now near the normal to the iii- 
vanablc- plane but opposite the oibit 
normal. Slate 3 remains near an obliquity 
of 180°. The selection of the Cassini states 
by the tides is summan/ed as follows 

1. > 1: l inal position is almost 
c-ertainly stale 1 near the orbit normal. 
The exception is a negligibly small prob- 
ability of being trapped near stale 2 at an 
obliquity near 90° at the time of capture 
into a resonance. State I apparently 
iKcupied by Mercury. There is essentially 
no restriction on primordial obliquity. 

2. flj/M < I ' l inal position must be 
stale 2 neat the invariable plane normal. 
This state is occupied by the moon. Tlic-rc- 
is no restriction on primordial obliquity. 

3. * 1. ITnal position is cither 
stale 1 or stale 2. dejK-nding on primordial 
position of spin vector or on the position 
at the time of capture into a spin res- 
onance. Ihis case may be appropriate to 
satellites of major planets. 

4. If we relax resinclions on invari- 
ance ol orbit p.-uamelers, the spin remains 
close to the final Cassini stale if the pre- 
ix-ssion of the spin about the Cassini slate 
is rapid comp .red with the orbital varia- 
tions. Tins condition is satisfied by Mer- 
c-urv in stale I. where it .sndiablv is. but 
would not be salislied if it were in stale 2 
In the iqiposile extreme, the spin remains 
close- to the average position ol tin- Cassini 
stale if the orbital parameters vary rapidly 
compared with the spin precession about 
that stale This is the condition satisfied 
by the moon. 


Fourth Seiuion 

Panel on Interior Structure as In- 
jerred From (leoJetic Data 

Chairman W'.H. Hubbard (University of 
Aruona) 

Members M. Podolak (Ycshiva Univer- 
sity). R Smoluchowski (Prinoeion) 

Hubbard In-gan by reviewing the cur- 
rent status of theoretical work on the 
structure of the giant planets, which 
exhibit appreciable rotational deforma- 
tions. I or these planets, the classical 
dieoiy ot figures, coupled with data on 
the higher-order multipole moments J,, 
Jt. •••. should prove to Ik- one ol ihc- 
rriost c-flective tools lor probing their in- 
icrior structure. Because ol their rapid 
rotation, for the giant planets is at least 
an order of magnitude larger than non- 
hydrosialic terms m the earth’s potential. 
Moreover, a variety ol arguments based on 
obsc-rvation and high pressure theory can 
be made to show that all the giant planets 
may well Ik- liquid to great depths. 

The most imporlaiil id these points 
are (I) tidal dissipation parameters <J for 
tlie giant planets that are of the order of 
Itl* 10* and thus arc- much greater than 
c-x|x-ited values of () lor solids, and (2) 
obsi-rved net heal fluxes liom Jupiter and 
Saturn that seem to require interior lem- 
fx-ralures well above iiK-lting tempc-ralures 
ot dense hydrogen or helium. It these con- 
clusions are correct, the giant planets may 
Ik- in hydrostatic equilibrium to much 
greater precision than is the case for the 
terrc-strial planets. This will probably re- 
quire development id the theory ol figures 
to much higher order than has so far bc-cn 
done. 

On the basis of the above considera- 
tions, V.N. Zharkov and V P Irubitsyn in 
the I'SSR have calculated planetary 
models to order Jt that yield predicted 
values for Jupiter and Saturn. Although 
accurate gravitational licid data could 
probable become available lor Jupiter and 
Saturn from orbiters during the next dec- 
ade. theoretical work availabk- until re- 
cvnlly has been inadequate to assess the 
utility ot such data for mt-rior studies. 

Recent work carried out by Hubbard, 
Trubitsyn, and Zharkov in collaboratioii 
has been aimed at finding inversion 
methods lor gravity data on planets in 
hydrostatic equilibrium One possible 
scheme discovered by Hubbard was de- 
scribed by him in a si-cond talk. The 
nK-thi>d |>rocx-eds Irom a llieoietical Irume- 
W'ork used by .1 P Osiriker in stellar rota- 
tion problems, i.e,, an expansion ol Ihe 
density distribution on a I egendre poly- 
nomial basis wilhoul c.iriying out ihe 
tiadilional Iranslorm.ition lo lewl sui 
I. lies. 

I he utility ol Ihis .ipproacii is Ihal it 
clearly exhibits the manner in which the 
basic quadrupole rotational pvrturballoii 
excites higher mullipole response Irom the 
planet The priqicrlies of the response, lor 
density distributions appropriate to giant 
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planets, enables one to solve foi the 
densitv ^adient within the pbnet at a 
'Icpth of a few thousand kilometers from a 
knowledge viJt- Redundant information, 
and hence a consistency check, is provided 
by y, . The resulting information permits 
the hydrogen/helium ratio to be deter- 
mined if these arc Ihe main constituents. 
A different but probably equivalent inver- 
sion scheme has been derived by Zharkov 
and 1 rubitsyn. 

Podolak discussed a senes of models 
fur giant planets based on a condensation 
wquence s)f compounds from the primi- 
tive solar nebula. The hydrogen/helium 
ratio ssas fixed to the solar value, but 
abundances of heavier elements were 
allowed to increase relative to hydrogen to 
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reflect pos.sible condensation sequences. 
Dense, rocky cures of considerable size 
seem to be required fur Jupiter and Saturn 
if one adapts such a picture with adiabatic 
in tenor temperatures and fits to available 
gravitational data. Podolak's models 
favored a downward revision of 7] fur 
Jupiter, as seems to be indicated iv its 
optical oblatencss. A recent revision down- 
ward of 7] fur Uranus is also favored by 
his models. 

Smoluchuwski discussed the physical 
properties of hydrogen and helium within 
Jupiter and Saturn and their effect on 
observed parameters including gravita- 
tional moments. The usual model of the 
uiteriurs of Jupiter and Saturn assumes 
that there is a boundary between the 


metallic and molecular hydrogen and a 
miscibility gap in the metallic a'giun. 
Tliere may be two more boundaries if 
there is a solid inantle separating a liquid 
core from a fluid exterior. W.H, Sireetl’s 
recent experimental studies of the hydro- 
gen-helium system suggest the existence ol 
an additional boundary caused by the 
immiscibility in Ihe molecular hydrogen 
region. The stability of these boundaries 
has been analyzed, and consequences fur 
dynamics of the interior and release of 
gravitational energy in accord with I I.. 
Salpeler's mechanism have been investi- 
gated. rompanson with the required 
source of internal heat in Jupiter leads to 
reasonable results A progressive change of 
the moment of inertia of the planet is anti- 
cipated. 
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Sixfh 6t0tleti/l$olid-E0Hh sail Oeetn Phytiet 
( 6 B 0 P) Rases teh Cantsnm 

Earthquake Mechanism 
and Displacement Fields 
Close to Fault Zones 

Introductory Speaker: James N. Brune, University of California, San Diego. 

INSTITUTE OF GEOPHYSICS AND 
PLANETARY PHYSICS 
UNIVERSITY OF CALIFORNIA, SAN DIEGO 
LA JOLLA. CALIFORNIA 

FEBRUARY 4- 5, 1974 

Spomored by: American Geophysical Union 
Defense Mapping Agency 

t National Aeronautics and Space Administration 

National Oceanic and Atmospheric Administration 
Ohio State University, Department of Geodetic Science 
U.S. Geological Survey 


The theme for the Sixth GEOP Research Conference will be set by an introductory review. The conference will 
be divided into the following sub-topics, each introduced by an invited moderator and discussed by a panel: 

1. Geologic and Tectonic Aspects; Chairman: Clarence Allen, California Institute of Technology. 

2. Observational Data; Chairman: James Savage, National Center for Earthquake Research, USGS. 

3. Theoretical Models; Chairman: Johannes Weertman, Northwestern University. 

4. Instrumentation and the Future; Chairman: Jon Berger, University of California, San Diego. 


Individuals interested in attending the conference are requested to send their applications on the standa'd applica- 
tion form available from the American Geophysical Union, 1707 L Street, N.W., Washington, D.C. 20036. 

Further details on the program, accommodations, and registration will be sent to those applicants selected by 
the committee to attend the conference by December 28. 


Applications for attendance must he received bv December 21, 197.1. 
American Geophysical Union * 1707 L Street, N.W. * Washington, D.C. 20036 
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Current Status 
of Understanding 
Quasi-Permanent Fields 
Associated 
with Earthquakes 

James N. Brune 

M any of the basic concepts re- 
lating to displacement fields 
associated with earthquakes were 
lucidly described by H.F, Reid in his 
discussion of the mechanism of the 
1906 San Francisco earthquake, orig- 
inally published in 1910 and recently 
republished \Reid, 1969], His pre- 
sentation is a natural beginning point 
for a modern discussion. 

The most important changes since 
Reid’s day concern our increased 
understanding of the geologic and 
tectonic setting, the discovery of 
fault creep, and an extended range of 
possible models of strain buildup. 
The plate tectonic model has both 
strengthened Reid’s elastic rebound 
hypotheses and pointed out modifi- 
cations to some of his interpreta- 
tions. Modern problems in tectonic 
modeling relate to understanding (1) 
frictional heat generation on faults, 
(2) the character of stress and strain 
on faults below the depth of earth- 
quakes, and (3) the predictability of 
major earthquakes. With modern 
high-quality data and new techniques 

This article was taken from the keynote 
address presented at the Sixth Gl-.OI’ Re- 
search Conference on l^arthquakc Mechan- 
ism and Displacement, which was held at 
the University of California, La Jolla, Cali- 
fornia, I cbruary 4-5, 1974. 
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we are on the verge of being able to 
critically limit the range of tectonic 
models and perhaps to understand 
the basic physical processes under- 
lying tectonic deformations. 

Excerpts from the Rekl Report 

The Results of the Surveys 

Accurate surveys of a part of the 
region traversed by the fault-line of 
1906 were made by the U.S. Coast 
and Geodetic Survey at various times 
and presented by Mssrs. Ilayford and 
Baldwin. Their results may be ex- 
pressed by Figure I; they show that 
the displacements reached a maxi- 
mum at the fault and were smaller as 
the distance from the fault was 
greater, in such a way that a line 
which, at the time of the second sur- 
vey, was straight as A’O'C' had at the 
lime of the third survey been broken 
at the fault and curved into the form 
A“B', D'C”. And, although at a few 
points there is an indication of a 
compression or an extension at right 
angles to the fault, generally the 
movement was parallel with it. The 
scale of displacements is 1,000 times 
that of distances; the curvature of the 
lines is so very smaJI tliat it would be 
impeteepdblr if the two scales were 
the same. [Reid, 1969. ,op. 16-17] 

The Nature of the Forces Acting 
We know that the displacements 
which took place near the fault-line 
occurred suddenly and it is a matter 
of much interest to determine what 
was the origin of the forces which 
could act in this way. Gravity cannot 
be invoked as the direct cause, for 
the movements were practically 
horizontal; the only other forces 
strong enough to bring about such 
sudden displacements are clastic 
forces. These forces could not have 
been brought into play suddenly and 
have set up an clastic distortion; but 
external forces must have produced 
an elastic strain in the region about 
the fault-line, and the stresses thus 
induced were the forces which caused 
the sudden displacements, or elastic 
rebounds, when the rupture oc- 
curred. The only way in which the 
indicated strains could have been set 
up is by a relative displacement of 
the land on opposite sides of the 
fault and at some distance from it. 

We conclude that the strains were set 
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rig. I. Diagram illustrating the deformation of surface lines corresponding to the elastic 
rehound mechanism |l?eic/. I969|. 


up by a slow relative displacement of 
the land on opposite sides of the 
fault and practically parallel with it; 
and that these displacements ex- 
tended to a considerable distanee 
from the fault. II seems not improb- 
able that the strain was accumulating 
for 100 years, although there is no 
satisfactory reason to suppose that it 
accumulated at a uniform rate. 
\Reid. 1969, pp. 17-19) 

At this point in the discussion, 
Reid described an ingenious experi- 
ment with gelatin that illustrates the 
elastic rebound phenomenon. 

The Intensity o/ the Elastic Stresses 
The forces which caused the rup- 
ture at the fault-plane ate measured 
by the distortion of the rock there, 
and il wc can determine the dis- 
tortion angles we can estimate these 
forces. The distortion angle may be 
as high as 1/1,500. The experiments 
of Mssrs. Adams and Coker give the 
value of rigidity for granite as 2 X 
10'' dynes per square centimeter 
(200 kbars); therefore the force nec- 
e,s.sary to producx' the estimated dis- 
tortion at the fault-plane at a short 
distance below the surtacx; is 1/1,500 
of this, or 1.33 X 10* dynes per 
square centimeter ( 1 33 bars). \ReiJ, 
1969, pp. 20-22) 

Reid compares this value for stress 
drop with some erroneously large 
values for the strength of granite and 
concludes that the fault zone must 
he much weaker than solid granite. 

The Work Done hy the Flastie 
Stresses 

We can also delerm''ic the work 
done al the lime i *■ the rupture, it is 
given by the product ol (he force per 
unit area of the tault-plane multiplied 
by the area ol the plane and by half 
the slip. If wc take the depth of the 
fault at 20 km, the length at 435 km, 
the average shift al 4 meters, and the 
force al 1 X 10* dynes per square 
centimeter, we find for the work 
1.75 X 10** ergs. (Using the Guten- 
berg/Richler energy m.agniludc rela- 


tionship, log £■ = 1 1.8 + 1.5A/, this 
corresponds to a magnitude of 8.3.) 
This energy was stored up in the rock 
as potential energy of elastic strain 
immediately before the mpture, 
when the rupture occurred, it was 
transformed into the kinetic energy 
of the moving mass, into heal and 
into energy of vibrations; the first 
was soon changed into the other two. 
When wc consider the enormous 
amount of potential energy suddenlv 
set free, we are not surprised that in 
spite of the large quantity of heat 
which must have been developed on 
the fault-plane, an amount was trans- 
formed into elastic vibrations large 
enough to aecomplish the great dam- 
age resulting from the earthquake 
and to shake the whole world so that 
seismographs almost al the antipodes 
recorded the shock. \Rei<J, 1969, p. 
22 ) 

I omit sections on the distribution 
of the deforming forces. Reid’s ideas 
here seem to be in part erroneous 
and in part superseded by recent con- 
cepts in plate tectonics. For example, 
he concludes that the initial deform- 
ing forces must have been applied at 
the base of the crust (lithosphere) 
near the fault by convection cunents 
forming a closed circuit. He dismisses 
a suggestion by O.K. Gilbert that the 
narrow concentration of strain 
change could be a consequence of 
the shallow depth of faulting. He 
mentions the interesting possibility 
that movements along one fault 
might trigger movements along an- 
other. 

The Prediction o) Earthquakes 

As strains always precede the rup- 
ture and as the strains are sufficiently 
great to be easily delected before Ihc 
rupture iKcurs, in order to foresee 
tectonic earthquakes it is merely nec- 
essary to devise a method of deler- 
mming the existence ol the strains, 
and the rupture will in general occur 
in the neighborhood of the line 
where the strains are greatest, or 
along an older fault-line where Ihc 


rock is weakest. To measure the 
growth of strains, wc should build a 
line of piers, say 1 km apart, al right 
angles to the direction which a geo- 
logical examination of the region, or 
past experience, indicates the fault 
will lake when the rupture occurs, a 
careful deleriiimalion from time to 
lime of the directions of the lines 
joining successive piers, I heir dlller- 
ences of level and the exact dislante 
he I ween tin in would reveal any 
sUains which iiiighi Ik- developing 
along the region the hne ol piers 
crovses. 

In the case ol vertical, horizontal 
or oblique shears, it the surface be- 
comes strained through an angle of 
abtuil 1/2,0(10, we should expect a 
strong shock. It would be necessary 
to slarl with the rock in an un- 
strained condition, this could readily 
be done now in the neighborhood of 
(he San Andreas lault. I he monu- 
ments set up close to the fault-line 
were not placed with this objeci in 
view, hut with the object ol measur- 
ing actual slips on the old laull-hne. 
Measures of tliis class descrilx-d 
would lx- extremely usetui, iiol only 
lor the purpose ol prediclion, but 
also to reveal the nature ol Ihe earth 
iiiovenietils taking place and thus, 
lead lo a Ix-lter utiderslanding of Ihc 
causes of earlV.^uakes. Levs definile, 
hut still valuable infurinalion could 
be oblained by the s-mpler prooess of 
deleriiiiniiig from lime to lime llie 
absolute directions of I aralloii Light- 
house and Mount Diablo from Mount 
Tamalpais, by this means northerly 
or southerly movements of I loot of 
either of the first two stations rela- 
tive lo Ihe thud could lx- detected; 
and we should know if strains were 
being set up in Ihe intermediate re- 
gion, bill we could not tell where the 
strain was a niaximum nor to what 
extent it may have tx-en relieved by 
small displacements on inlervening 
fault-planes. 

1 1 seems probable ll'al a very long 
period will elapse before another 
important earthquake occurs along 
that pari ol Ihe San Andreas rill 
which broke m I “06; for we have 
seen that Ihe strains causing Ihe slip 
were probably accumulaling for 100 
years. I'here have been no serious 
earthquakes reported al;-"g this part 
ol Ihe rill, except al its soulhern ex- 
Ireiiiily, since llie country has been 
occupied by while men, although 
strong earthquakes have occurred in 
neighboring regionv II sc-ems proli- 
able that more consistent results 
niiglil lx- obtained regarding Ihe peri- 
odicily ol earthquakes il only Ihe 
ea.’lhquakes occurring al exactly Ihc 
same place were consideied in Ihe 
seiirs. IRerr/. 1969, pp. 31 32) 

Reid’s concept of the elastic re- 
bound mechanism was remarkably 
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foresighted. The main modifications 
that have been added since his time 
are (1) better understanding of the 
overall geologic and tectonic picture 
that gave rise to the forces and proc- 
esses associated with the earthquake, 

(2) the discovery of fault creep, and 

(3) extension of the range of possibil- 
ities for the states of stress that could 
have been responsible for the earth- 
quake. 

It was considerably after Reid's 
time before the first clear evidence 
for large cumulative displacements 
along the San Andreas fault was ob- 
tained \Hill and Dibblec, 19531. 
More recently, the development of 
the theory of plate tectonics has 
revolutionised our concepts of the 
deformation of the earth. Cumulative 
displacements of hundreds of kilom- 
eters over millions of years have been 
estabbshed for many fault zones. 
These motions can be fitted into a 
rather simple plate model of the lith- 
osphere in which the major tectonic 
zones are a result of either ridge-type 
spreading centers where the plates 
are pullinc apart, trench-type subduc- 
tion zo. ts where plates are crushing 
together and plunging into the man- 
tle, or transform-fault-type zones 
where the plates are sliding past one 
another with more or less horizontal 
transcurrent motion \!sacks et al, 
1968; McKenzie and Morgan. I96q] . 

It is unclear at this time • .icther 
the San Andreas fault • a simple 
boundary between the •. acific plate 
and the North Ar ucan plate, or 
whether a signif’ ant amount of the 
motion bet we, • . these plates is taken 
up by offsC'^re or other parallel fault 
zones, r oy compression and rifting 
of tb crust, or by underthrusting of 
or plate by another; nevertheless, it 
ts clear that the San Andreas fault 
results from the motion of the Pa- 
cific plate relative to the North 
American plate and contributes a sig- 
nificant amount of this motion. Very 
convincing data now support an aver- 
age rate of slip along the San Andreas 
fault of at least 3 cm per year in re- 
cent geologic time and in the last 
hundred years or so [Atwater and 
Molnar, 1973, J.C. Savage, unpub- 
lished data, this conference]. We 
now know that almost all the earth- 
quakes in California are right lateral 
and therefore contribute to a net 
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right lateral motion. In Reid’s day 
this was not clear; it might have been 
possible that left lateral motion 
could occur and that faulting might 
result from a complex jumbling of 
blocks back and forth rather than 
from cumulative displacement in one 
direction. 

The discovery of fault creep, i.e., 
continuous or episodic slow move- 
ments occurring along the fault with- 
out generation of seismic energy, has 
added a new parameter to our mod- 
els of fault motion [Steinbrugge and 
Zacher, I960]. Although this does 
not change the basic mechanical con- 
cepts of Reid, it does suggest new ex- 
planations of some phenomena. It 
suggests the possibility of a large 
amount of creep occurring below the 
depth of faulting for large earth- 
quakes. In some areas even shallow 
parts of the fault are undergoing 
displacements primarily as creep 
(R.D. Nason, unpublished data, this 
conference). 

Reid went to some effort to ex- 
plain how localized stresses at the 
bottom of the crust could cause slow 
displacements and strains along the 
fault. Today we believe that the 
cumulative slow displacements lead- 
ing up to earthquakes do not die out 
with distance from the fault zone 
and that plates are moving sterdily 
relative to one another. 

Althougli Reid mentions the pos- 
sibility of weakness of the fault zone 
concentrating the slip at a particular 
site or along a particular fault, he 
does not emphasize this. He attempts 
to explain the localized slip by local- 
ized drag forces. Today it is usually 
assumed that fault slip along particu- 
lar faults or plate boundaries is local- 
ized by initial weaknesses formed 
when the plates were created, or by 
continuing deformation. Stres.ses 
might even be higher in the interior 
of unbroken plates than along the 
active fault zones |.5>’kej and Sbar, 
1973]. 

Reid did not take into account 
the difference between stress drop 
and total stress. He assumed that a 
stress drop of approximately 100 
bars implied that the stresses in the 
rock prior to the earthquake were 
also approximately 100 bars. How- 
ever, if the system is linearly elastic, 
the stress change is only a lower 
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bound for the initial stress. In labora- 
tory experiments, initial stress can be 
more than 10 times greater than the 
stress drop. For the .San Francisco 
earthquake this could imply initial 
stresses of more than 1 kbar, with 
consequent energy release (heat plus 
seismic) 10 times greater than he cal- 
culated. 

Modern Tectonic Models 

A modern model for the San An- 
dreas fault consists of a continental 
transform fault boundary between 
the I'acific and North American 
plates, connecting the spreading cen- 
ters in the Gulf of California with the 
spreading centers or a triple junction 
offshore from Oregon and Washing- 
ton |H’i7sr>n, 1965; McKenzie and 
Morgan, 1969; Atwater, 1970]. In 
such a simple system, whenever the 
fault trace Sends to the left, u com- 
plication in the fault motion will 
occur with the two plates tending to 
thrust over or into one another, and 
whenever the fault trace bends to the 
right, a gap or spreading center will 
occur, with the two plates pulling 
away from one another and causing 
intrusion of material into the gap 
from below (J.C. Crowell, this con- 
ference). These features are illus- 
trated in the simplified tectonic fault 
model of Southern California shown 
in Figure 2. 

There are complications intro- 
duced into the system by the struc- 
tures of the transverse range province 
and by the existence of parallel faults 
in the San Andreas system; never- 
theless, from a surface point of view, 
the observations along the San An- 
dreas fault agree well with the plate 
tectonic theory. Although there is 
still some controversy concerning 
this simple theory l//i//, 1971; fla/rd 
et al., 1974], it is clear that in most 
recent geologic times the model of 
progressive right lateral motion is a 
good approximation. 

When we attempt to understand 
the plate boundary in three dimen- 
sions, there are more difficulties and 
more options in the models. There is 
no direct way to observe the bound- 
ary below the surtuce. Reid assumed 
tnat a lithosphere 10 to 20 km thick 
(which was equivalent to crust in his 
day) was subjected to localized vis- 
cous convective forces from below. 
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Fig. 2. Diagram of the San Andreas fault system in the neighborhood of southern 
California. Thick serrated lines represent historical surface breaks, with magnitudes and 
approximate offsets indicated. Kpicenters and dates of selected important earthquakes 
without known surface faulting are also indicated. Converging arrows indicate zones of 
crustal compression and thrust faulting; diverging arrows indicate regions of crustal 
tension and rifting. 


Today we believe that the litho- 
sphere consists of large rigid plates 
moving relative to one another and 
that the thickness of these plates 
near their centers is probably of the 
order of 1 00 kn/. 

One simple model for the plate 
boundary along the San Andreas 
fault consists of two lithospheric 
plates 100 km thick extending to the 
fault and separated by a narrow 
100-km-deep vertical shear zone. In 
this model the slip along the fault 
zone from 20- to 100-km depth is 
occurring as steady or episodic creep 
on a time scale too slow to generate 
ob.servable seismic energy. A model 
that would include a large amount of 
slip below 20 km during large earth- 
quakes seems to be excluded by both 
the geodetic and the seismic data. 


Another simple model, which has 
the lithospheric plates only about 20 
km thick, with the motion during 
earthquakes occurring along the 
whole fault boundary, also seems to 
be excluded, since it would imply 
that the strain drops would extend to 
distances comparable to the fault 
length (i.e., of the order of a few 
hundred kilometers) instead of being 
concentrated within a few fault 
depths (i.e., a few tens of kilom- 
eters). A more reasonable model 
might have the plate thickness at 
approximately 100 km at some dis- 
tance from the fault but becoming 
shallower near the fault, with a broad 
zone of distribution shear possible 
below the zone of earthquakes. 

The simplest plate models assume 
that there are no stresses applied at 


the base of the plate. Forces moving 
the plate are caused either by sinking 
tension in tl e plates at subduction 
zones or by gravity forces sliding the 
plates off the thermal hii^iis at ridge 
crests or hot spots, but with the 
asthenosphere nearly a perfect fluiil 
that does not either drive the plates 
or resist them. In this case the 
stresses along the San Andreas fault 
are all transmitted through the litho- 
sphere, and the pattern of motion in 
the asthenosphere directly below the 
fault is irrelevant; it could even be in 
a local state of left lateral shear while 
the overlying plate is in a state of 
right lateral shear. A slight modifica- 
tion of this model would have f' 
plates driven by viscous convective 
forces in the asthenosphere but with 
the directions of plate motions deter- 
mined by the vector sum of many, 
perhaps random, viscous forces 
dragging on the plate. Again, there 
need be no direct correlation be- 
tween the motion along the plate 
boundary and the direction of flow 
in the asthenosphere below. 

If we assume that the astheno- 
sphere does apply a significant 
amount of viscous stress to the base 
of the lithosphere, then the question 
arises as to whether, in the neighbor- 
hood of the plate boundary, the vis- 
cous force acts to resist the right 
lateral motion or to drive it. If the 
forces driving the plates are not local- 
ized along the transform fault bound- 
aries but originate either at the 
trenches or spreading centers or from 
an integrated effect of many differ- 
ent forces acting on the plate as a 
whole, then it would seem most 
likely that the local viscous drag in 
the asthenosphere would be acting to 
resist the plate motion, that is, the 
motion of the plates would be shear- 
ing the viscous asthenosphere rather 
than vice versa. 

Lachenhruch and Sass I1V73I 
have recently discus.sed three models 
they call passive, ductile, and brittle 
to represent the cases ( 1 ) where the 
shallow part of the crust rides pas- 
sively over the underlying material 
(passive), (2) where more or less rigid 
block motion at depth causes a duc- 
tile shearing in the crust (ductile), 
and (3) where ductile or viscous 
shear at depth drives rigid or brittle 
block motion in the crust (brittle). 


lOG 



I 1 


Their ductile case seems very un- 
likely, since one would expect the 
lower temperature and pressure of 
shallow crust to cause it to be more 
brittle and since there is strong evi- 
dence that most fault slip occurs over 
a relatively narrow zone. The brittle 
model would imply that shearing 
forces at the bottom of the plate in 
the neighborhood of the fault zone 
would be acting to resist the plate 
motion. 

A physical mot.el showing a re- 
markable similarity to oceanic trans- 
form faults and spreading centers was 
described by Oldenburg and Brune 
( 1972, 1974, also this conference | . 
The analogy rests on the peculiar pat- 
tern of spreading centers offset at 
nearly right angles by transform 
faults. Oldenburg and Brune con- 
clude that this pattern is a result of 
two conditions; ( 1) the shear stresses 
along the transform faults are not 
great enough to break up or shear the 
plate; and (2) the stress field in the 
plate, acting as a stress guide, is 
nearly uniform. These results 
strongly suggest that the tectonic 
plates in the oceans must be in a 
state of passive tension at least to dis- 
tances from the ridges comparable to 
the lengths of transform faults, since 
it is difficult to conceive of any ac- 
tive forcing mechanism, e.g., convec- 
tive forces or gravity forces, that 
would preserve the necessary uni- 
formity in the strejs field. 

As can be seen from the above dis- 
cussion, there still exist a large num- 
ber of possible models for the mech- 
anism of plate motion, and although 
they have different implications con- 
cerning the state of stress, frictional 
heat generation, and seismic energy 
release, at present the data are not 
sufficiently accurate to decide be- 
tween them. The great challenge 
brought out by the Sixth (lliOP con- 
ference is to decide upon and carry 
out tho.se critical experiments that 
will allow us to choose between the 
various models. 

Modern Data 

Keid based his study of the San 
F'rancisco earthquake mainly on the 
geodetic triangulation results avail- 
able over a period of less than 1 00 
years. The precision and accuracy of 
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these measurements were about I 
part in 10* . 

Today we have a greatly increased 
number of data and greatly increased 
accuracy of measurement, both for 
triangulation and elevation. We have 
an extensive array of geodimeter 
lines distributed along the San An- 
dreas fault. In addition, small geo- 
detic arrays, small creep arrays, and 
creep meters keep an accurate record 
of fault slip. We have the possibility 
of measuring plate motion directly 
with long-baseline interferometry 
using satellites, the moon, or extra- 
galactic radio sources. A simple align- 
ment array using astronomical tele- 
scopes has been installed by Vacquier 
and Whiteman |1973) along a prob- 
able transform fault in the Gulf of 
California. 

In addition to improved instru- 
mental data, we have important in- 
formation on rates of plate motion 
from interpretations of the geomag- 
netic time scale, hventually the com- 
bination of the data on plate motion 
with a long time sample of fault 
behavior will allow us to accurately 
estimate earthquake potential at vari- 
ous parts of the fault. 

We have reliable data on the ex- 
pected in situ strength of rocks, as 
well as heat flow data in the neigh- 
borhood of the fault, that can be 
used to put constraints on the 
amount of frictional heat generation 
over geologic time. Furthermore, an 
increasing number of data have sug- 
gested that an anomalous state of 
strain, perhaps associated with dila- 
tancy and fluid flow, or microfrac- 
turing, may exist over large volumes 
of rock prior to many earthquakes 
Observers in the USSR (A'cricrm' and 
Simbireva, 1969] reported anoma- 
lous changes in the ratio of /’ wave 
velocity to .S’ wave velocity (I’p/I'j) 
preceding large earthquakes in the 
Garni region of the USSR Aggarwal 
ft al. ||973| observed similar 
changes preceding small earthquakes 
in the Blue Mountain region of New 
York, and Whilfomb el al. 119731 
reported anonialous velocity changes 
prior to the San l ernundo earth 
quake of 1971. 

Modern Problems 

/feat flow, fault friction and 
.strength of rocks. Brune et al. 


(1969) pointed out that the lack of 
an observable heat flow anomaly 
along the San Andreas fault gave an 
upper limit of a few hundred bars for 
the average stress on the upper 20 
km of the fault, averaged over geo- 
logic time. When contrasted with the 
apparent strength of rocks in the 
laboratory- more than 1 kb-this pre- 
sented a paradox. It was suggested 
that low stress along the fault might 
be explained by a weakened fault 
zone, possibly because of the pres- 
ence of fault gouge, the presence of 
serpentine, the presence of high fluid 
pore pressures, or a weakening of 
rocks by relatively high tempera- 
tures. 

Recently, Stesky and Brace 
(1973) presented extensive data on 
the strengths of rocks at appropriate 
temperatures and pressures and 
found that the pa.adox could not be 
explained by the presence of serpen- 
tine nor by simple fracturing of rocks 
along the fault zone. They suggested 
that the paradox might be explained 
as a result of ( I ) actual materials in 
the fault zone being different from 
i.hosc studied, (2) the existence of 
high pore pressure that would reduce 
the effective normal stress and per- 
haps affect minerals in the fault 
zone, or (3) a thick gouge zone with 
unexpected strength properties. They 
conclude that more data are needed 
to resolve the paradox and suggest 
that drilling into a deep fault zone 
might provide critical data. 

I.achenbruch and Sass [1973) re- 
cently presented more extensive data 
on heat flow in the neighborhood of 
the San Andreas fault in Northern 
{'alifornia and confirmed the lack of 
a localized heat flow anomaly over 
the trace of the fault. They suggested 
the existence of a wider (~I00 km) 
zone of high heat flow and presented 
a thermal model attributing this 
anomaly to mechanical heat genera- 
tion in a broad shear zone betwem 
the North American and Pacific 
plates. The model implies that much 
of the relative plate motion is distrib- 
uted ihroughout the broad shear 
zone, that the right lateral motion of 
the system is driven by tractions at 
the edge ot the shear zone, and that 
the motion of the system is resisted 
at the base of the layer. The model 
suggests that the (time-averaged) 
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shear stress for the system may be a 
minimum at the trace of the fault 
and that earthquakes may be con- 
fined to a superficial layer because of 
mcreased ductility a' depth. 

It is of interest to speculate on the 
simpler possibility that the broad 
heat flow anomaly found by 
iMchenhruch and Sass 11973) is di- 
rectly related to the average shear 
stress over the whole depth of the 
fault in the lithosphere. We can easily 
abstract the results of Brune i-t al. 

1 1969) to apply to this case. Thus a 
heat flow anomaly of about 1 /real 
could result from a rate of slip of 3 
cm/yr and a time-averaged stress 
along the fault of about 500 bars be- 
tween 20- and 100-km depth. 

(This calculation was carried out 
by several students as a cla.ss prob- 
lem. The result is 

r/(-*) = Ql~^ lot? + a’ )l 

where q is the observed surface heat 
flow, ^ is the heat generation per 
unit area on the fault, x is the dis- 
tance from the fault trace, and a and 
b are the depths to the top and bot- 
tom of the heat generating zone, 
respectively.) 

This would seem to be a straight- 
forward explanation of the broad 
heat flow anomaly pointed out by 
Lachenbruch and Sass and would 
suggest that the time-averaged stress 
along the fault may increase from 
less than about 200 bars for the 
upper 20 km of the fault to about 
500 bars for the upper 100 km of the 
fault. A stress of 500 bars between 
20- and 100-km depth is only about 
a factor of 2 less than the strength 
estimates of Stesky and Brace 
(1973). The estimated stress could 
be increased by reducing the average 
background heat flow (increasing the 
anomalous heat flow) or by consider- 
ing different stress distributions with 
depth (e.g., stress reaching a maxi- 
mum at 50 km and decreasing again 
to near zero at 100-km depth). The 
fact that the heat flow does not peak 
sharply over the fault results from 
the low frictional heat generation on 
the shallow part of the fault, and this 
would still have to be explained by 
some special mechanism. 

Is strain buildup and release two- 
dimensional or three-dimen- 


sional? This problem is critical, be- 
cause it determmesthe rate of falloff 
of displacement and strain with dis- 
tance from the fault As described by 
Reid, the displacements at the time 
of the San 1-rancisco earthquake 
were three-dimensional because the,' 
died off within about 20 km, a dis- 
tance much less than the fault length. 
The obvious interpretation is that the 
faulting only extended to a relatively 
shallow depth. W.R Thatcher pre- 
sented data at the CltOF conference 
indicating that after the earthquake 
the zone below 20 km slipped about 
the same amount. If so, the lesult of 
the combined slip during and after 
the earthquake may have extended 
to a depth of nearly zero shear 
strength, thus making the problem 
two-dimensional, hence the com- 
bined strain field would fall off in 
approximately I fault length, i.e.. In 
a few hundred kilometers rather than 
in a few tens of kilometers as at the 
time of the earthquake. 

J.C. Savage (this conference) pre- 
sented evidence that part of the San 
Andreas fault system south of the 
Bay Area and north of I’arkfield is 
creeping essentially with rigid block 
motion, indicating that the motion is 
extending to relatively great depth. 
Again, the strain release may be two- 
dimensional and consequently may 
fall off in a distance comparable to 
the distance between the Bay Area 
and Parktield, i.e., of the order of 
100 km. (Of course, the two-dimen- 
sional model requires strain concen- 
tration at the ends of the section.) 

1 he same situation occurs with 
strain buildup. For example, if the 
fault is locked completely down to 
the depth of the lithosphere and over 
a section of the fault several hundred 
kilometers long, the strain buildup 
will be two-dimensional and will fall 
off within a few hundred kilometers 
(length of the locked section) and 
will be independent of the depth of 
the locked section. This is one pos- 
sible explanation of the negative re- 
sult of yaequier and Whiteman 
1 1973) for fault motion along a 
transform fault in the Gulf of Cali- 
fornie. .Sim'la 1>, tl.t .strain buildup 
pr'iji to the San Francisco earth- 
quake could have been two-dimen- 
sional even though the strain release 
at the time of the earthquake was 


clearly three-dimensional. Another 
way of stating this problem is in 
terms ot the time behavior of fault 
stress below the zone of earthquakes, 
i.e., docs slip along the fault zone 
below 20 km occur primarily before 
or after large earthquakes or dues it 
occur more or less continuously be- 
tween? 

Earthquake prediction. Reid sug- 
gested that earthquake prediction 
could be based on understanding the 
mechanism of strain accumulation 
[Reid, I 969, p. 3 1 1 ‘In order to fore- 
see tectonic earthquakes it is merely 
necessary to devise a method ot de- 
termining the existence of strains, 
and the rupture will, in general, 
occur in the neighborhood of the line 
where strains arc greatest, or along 
the older tault-line where the rock is 
weakest.’ 

This general mechanical model foi 
earth(|uake prediction is consistent 
with modern concepts. Unfortu- 
nately, it contains within it a pos- 
sibly severe constraint on the accu- 
racy of any prediction scheme: 
earthquakes represent a critical-limit 
phenomenon and might be triggered 
by a wide variety of effects such as 
atmospheric loading, tidal strains, 
nearby small and unpredictable 
earthquakes, unpredictable creep 
events in the mantle or shallow crust, 
or hopefully, by the episodic and 
observable increase in tectonic strain. 

In critical-limit phenomena, the 
accuracy and reliability ol predic- 
tions depend on the complexity of 
the system. Repeated stick-slip 
events along a smooth saw cut m the 
laboratory, or in a very small and iso- 
lated area of the crust, might be 
quite predictable, whereas in a com- 
plex tectonic situation such as that 
illustrated by Figure 2, with un- 
known effects of episodic creep at 
depth or on adjacent fault zones and 
with a host of different phenomena 
causing small perturbations in the 
strain field, the achievable prediction 
scheme might be quite probabilistic. 

One hope for earthquake predic- 
tion IS based on finding reliable pre- 
cursory phenomena. A systematic 
search for such phenomena associ- 
ated with large earthquakes is just 
beginning. Less systematic searches 
have been carried out for almost 100 
years with no reliable result. Some of 
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the most hopeful precursory phe- 
nomena are anomalous changes in 
elevation, strain, seismic velocities, 
conductivity, magnetic properties, 
electric properties, and water flow 
phenomena (e.g., radon content and 
well levels). 

One recent model used to explain 
many precursory phenomena is much 
less probabilistic than Reid’s model; 
this is the dilatancy-fluid flow model 
\Nur, 1972; Scholz et at.. 1973; 
Anderson and Whitcomb, 1973). In 
this model, increase in strain leads to 
observable dilatancy and consequent 
dilatancy strengthenmg. This Ls fol- 
lowed by water inflow info the dila- 
tant region that at some point satu- 
rates the rock, increases the pore 
pressure, and triggers the earthquake. 
Thus the proce.ss is relatively causal- 
if and only if the pore pressure has 
increased to a certain level will the 
earthquake be triggered. If it is gen- 
erally applicable, this model would 
suggest that relatively reliable predic- 
tions could be made by closely mon- 
itoring dilatancy and fluid flow. Un- 
fortunately, the applicability of the 
model is not known at present. 

If no generally applicable and reli- 
able precursory phenomena are 
found, we may have to accept a rela- 
tively probabilistic model; i.e., we 
could specify that a large earthquake 
is becoming more and more probable 
in a certain area, but we would not 
be able to specify its time of occur- 
rence accurately. In such a model all 
the suggested precursory phenomena 
could be probabilistically valid in the 
sense that for a complex system near 
the failure point any anomalous 
change is likely to be precursory- 
e.g., earthquakes occurring in odd 
places (foreshocks), anomalous 
changes in strain anc related phe- 
nomena, and anomalous creep. 

A model at the opposite extreme 
from the causal precursory model is 
the probabilistic model in which 
large earthquakes are tri jgered off by 
smaller earthquakes, these in ti rn arc 
triggered by iinobservaMy small and 
localized strain changes 1 his nuxle! 
IS suggested by the fait that many 
large earthquakes appear to be imil- 
(iple events in which the initial 
events are small conipariil with later 
events, e.g., the Alaska earthquake of 
1964 [ K'ys.r and Prune, '967’. Dis- 
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tant triggering of small fault slips by 
moderate earthquakes has been sug- 
gested for the Borrego Mountain 
earthquake of 1968 [Allen el al„ 
I968I and the Point Mugu earth- 
quake of 1973 [Ellsworth et at., 
19731. 

In the case of the Alaska earth- 
quake the initial event in the series 
had a magnitude of only about 6.6 
and occurred at the edge of the sub- 
sequent rupture zone at considerable 
depth. Accurate prediction of the 
Alaska earthquake would have de- 
pended on predicting this moderate 
event as well as knowing that the 
main rupture zone was in a state of 
strain that would allow it to be trig- 
gered by this particular event and not 
by the numerous events that pre- 
ceded it. In such a triggering model, 
if strain buildup to the critical state 
is quite slow, the accuracy of predic- 
tion could be relatively low. OI 
course, if buildup to the critical state 
is relatively rapid, as would be the 
case if it is caused by a rapid creep 
episode in the mantle or by a rapid 
change in pore pressure over the zone 
of rupture, then more accurate pre- 
diction might be possible. 
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REPORT ON THE SIXTH GEOP 
RESEARCH CONFERENCE 


T he Sixth Geodesy/Solid Larth and 
Ocean Physics (GEOP) Rcscaxch Con- 
was held on February 4-5, 1974, at the 
Institute of Geophysics and Planetary 
Physics, University of California, San 
Diego, in La Jolla, California. It was at- 
tended by about 100 persons. 

James N. Brune, program chairman, 
opened liie conference and delivered ihe 
introductory address, a somewhat ex- 
tended version of which is printed else- 
where in this issue. Brune's paper and the 
following summaries of Ihe sessions consti- 
tute a report of the conference. 

First Session 

Panel on (leoloxic and Tectonic 
Aspects 

Chairman: C.K Allen (California Institute 
of Technology) 

Members: C.B. Raleigh (U S. Geological 
Survey), J.C. Crowell (University of 
California, Santa Barbara), M.G Bon- 
illa and G. Plafkcr (U.S. Geological 
Survey) 

In his brief introductory remarks the 
chairman stressed the importance of actual 
field and laboratory measurements in de- 
signing realistic models of earth<iuake 
mechanisms. 

C.B, Raleigh, in the firs t formal presen- 
tation, discus.sed the implications of rcivnt 
rock mechanics experiments in the light of 
the dilatancy model that A. Nur has used 
to explain the VpIVs anomalies preceding 
earthquakes. Crack propagation stress de- 
pends on the internal Iluid pressure within 
tile cracks. If the pore pressure is greater 
than the liquid-vapor equilibrium pressure, 
opening of cracks will cause Ihe pressure 
to drop and slabilire the crack. Thus the 
adjacent cracks will propagate, which will 
cause the dilatant region to grow, depend- 
ing primarily on the stresses in the rock. 
One conclusion is that the pore pressures 
at the time of earthquakes will be near the 
liquid-vapor equilibrium pressure. Also, 
since the total slres,scs control the dimen- 
sions of Ihe dilatant region, thrust faults 
might Ih; expected to have dilatant vol- 
umes that are large compared with those 
for strike slip faults. 

This report was prepared by C.R Allen, 
Jon Berger, Ivan 1. Mueller, J.C. Savage, 
and J. Weerlman. Material contained 
herein should not lie cited. 
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J.C. Crowell emphasized that rocks 
subject to earthquakes in California have 
been involved in a long and complex his- 
tory that ought to be kept in mind as we 
attempt to understand events before, 
dunng, and after earthquakes. In looking 
at Ihe San Andmas system through time, 
the geologic record discloses ihat major 
blocks have moved laierally on near-verti- 
cal fault zones, but that these faults arc 
many and are by no means straight or 
parallel. Blocks along straight laults move 
easily with pure strike slip, but where Ihe 
laults curve, two kinds of bciuls occur, 
restraining bends and ivleasing bends. 
Rocks inside curves of restraining bends 
have been severely deformed through hori- 
zonlal shortening for long periods, 
whereas those outside such licnds have 
been locally slrelthed. Releasing bends re- 
sult in the opening of holes, sags, or pull- 
aparts. The Los Angeles basin was prob- 
ably formed as a pull-apart depression in 
Miocene time, and, as in the Salton trough 
today, volcanics formed the tloor as an ir- 
regular pull-apart opened and sediments 
concomitantly poured into it. In the Cali- 
fornia borderland, fault divergence and 
convergence, in combination with pull- 
apart depressions and restraining-bend up- 
lands, provide a simple geometric model of 
the tectonics. In summary, the boundary 
between the North American tmd Pacific 
plates ought to be envisaged as a broad 
zone a few hundred kilometers wide that 
sits astride the present San Andreas fault. 
This broad zone, through late C'cnozoic 
time, has been active in complex ways that 
are now being geologically documented. 

The detailed description of surface 
faulting during historic earthquakes was 
the subject of M.G Bonilla's remarks. He 
illustrated these with htilh photographs 
.and detailed maps of a number of signifi- 
cant historic earthquakes associated with 
surface faulting. The principal conclusions 
he drew were the following. 

1. There is a poor cumulation between 
magnitude and the surface length of rup- 
ture. 

2. The correlation between maximum 
displacement and magnitude is moderately 
good. 

J. Fault zones have appreciable 
widths, which must lie taken into account 
in engineering considerations. 

4. Suhsidla.'y fractures, although usu- 
ally quite small, can occur many kilom- 
eters from the main fault. In the Assam 
earthquake of 1897, one subsidiary break 
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was HO km from the presumed main fault. 

5. Contrary to earlier conclusions, the 
/.ones alTec'.ed by the main and subsidiary 
fractures are as wide for strike slip faults 
as for other fault types. 

6. Map patterns of surface faulting are 
usually very complex. 

The jueat 1899 earthquake near Yaku- 
tat Bay m Alaska was the subject of G. 
Plafker’s pap«‘t. On the basis of recent 
field work, lie reinterpreted many of the 
conclusions contained in the classic 1901 
■Study by Tarr and Martin. Pollowing are 
his major points. 

1 . Seismicity and deformation are 
cvnlered alonj: the south front ot iheChu- 
isich and St. I'lias mountains and probably 
extend for at least 160 km, and possibly 
250 km, west of the Yakutat t^ay area. 

2. I arthquakc-related deformation 
was primarily uplift relative to sea level 
and probably involved slip on the complex 
system of east-trending, north-dipping 
thrust faults that extend inland from the 
Gulf of Alaska to the Chiigaeh-St. I has 
fault. Abseme of an oceanic tsunami sug- 
gests that there was probably no signifi- 
cant vertical uplift offshore. 

3. Vertical tectonic displacements in 
the Yaku'.-t Bay area do not define a 
system of local taull-bounded blocks, as 
was inferred by 1 arr and Martin. Instead, 
tliey define a broad regional upwarp 50 
km long by 30 km wide, with an average- 
uplift of 2-3 m. I'xtreme local uplifts of 
a.s much as 14.2 m occurred at a small 
fault-bounded block that is sujKrimposed 
on the broader upwarp. 

4. Swarms of fractures that "larr and 
.Mai tin thought to be subsidiary faults at 
the Nunatak and elsewhere were caused 
mstead by large-scale earthquake-triggered 
slides. 

5. According to this reappraisal, the 
1899 earthquake .sequence docs not nil a 
possible seismic gap east of the focal re- 
gion of the 1964 Alaska earthquake. It so, 
this jiart ot the Alaskan continental mar- 
gin may have a relatively high potential for 
a future major earthquake. 

Second Session 
Panel on Ohsen ational Data 

Chairman J.C. Savage (U.S. Geological 

Survey) 

Members: R.O. Castle, R.l). Nason, and 

M.U. Wood (I'.S. Geological Survey) 

The phenomenon of fault creep (aseis- 
mic fault slip) has been observed directly 
in Turkey and very recently (according to 
a comment by G.C.P. King) in Iran. The 
most '.xlensive observations, however, 
have been made along the San Andreas 
fault system in central California, and it 
was those observations that were reviewed 
by R.l). Nason. The obsc-rved fault creep 
at some sites is episodic, with several milli- 
meters of fault slip occuning in a period 
of a few hours, followed by weeks in 
which very little, if any, slip occurs. At 
other sites, slip is essentially steady with 
only minor lluctuations in the creep rate. 


Studies of the episodic creep events 
mdicate that the events propagate from 
site to site at velocities of the order of a 
few kilometers per lay, suggesting spread- 
ing surfaces of failure. The observation 
tliat rates of fault creep are virtually iden- 
tical with the observed geodetic delornia- 
tion across a /one at least 1 0 Vm wide 
suggests that fault creep must extend to 
appreciable depth (say 20 km or more) on 
the fault. However, the question of 
whether creep at depth is eventful ot is 
steady has not been resolved. 

J.C. Savage reviewed the geodetic mea- 
surements of horizontal deformation. The 
measured horizontal displacement fields 
associated with earthquak -s are generally 
consislcnl with simple dislocation models 
of taulting, although the detailed agree- 
ment IS never very good. Two ineasute- 
ments ot relative plate motion across the 
San Andreas fault were contrasted Astro- 
nomic a/imuihs observed m the vicinity of 
llollisier, California, indicate a Imear-in- 
time right-lateral motion ol 33 iiim/yr 
across a 5(»-km-widc /one in the jicriod 
1884-1962. This motion is almost wholly 
accounted for by rigid-block motion. Opti- 
cal parallax measurements in 1970 and 
1972 b> V. Vai quicr and R.l' Whiteman 
across wliat is thought to Ik- the fault trace 
in the Gulf of California suggest no appre- 
ciable relative motion other than perhaps 
uniform rotation .across a 25-km-wide 
/.one, although other interpretations art- 
possible. A review of the measurements of 
the California geodinu-ter network sub- 
stantiates the suggestion of R W'. Greens- 
felder and J.H. Bennett that the measure- 
ments of line length versus time generally 
exhibit a positive curvature (i.c., c/’ /./dr’ 
> 0) throughout the state. It is not yet 
clear whether this is an artifact of changes 
in observational proa-dures or a real physi- 
cal phenomenon. Although measurements 
of strain uecumulation along tlie San 
Andreas fault are individually sus|H-et, 
taken all together they indicate that the 
rate of tensor shear strain accumulation is 
about 0.3 M strain/yr. W.R Thatcher dis- 
c-ussed the measured strain accumulation 
near Tort Ross, California, as deduced 
from triangulabon surveys in 1874, 1906, 
1930, and 1969. He sliowed that the data 
indicated 4 m of slip to a depth ot about 
10 km at the time of the 1906 earthquake, 
followed by afterslip of about 3 m in the 
depth range from 10 km to 20 km or 
deeper in the period 1906 (postearth- 
quakc) to 1930. No significant deforma- 
tion was detected in the period 
1930-1969. Savage suggested that the ap- 
parent afterslip might equally well be ex- 
plained by relaxation of a viscoelastic 
subcrustal layer, as was proposed by 
Nur and G. Mavko to account tor |iostv.‘is- 
mic movcmi-nls Ibllowmg the 1946 
Nnnkaido earthquake. 

Measiire'iu-nts ol vertical deformation 
as delecleJ by geiHiclic leveling were dls- 
c-ussed by R.O. Castle. The vertical defor- 
mation observed at the time of an earlh- 
quakr can be rather precisely reproduced 
by simple dislocation models. However, 
th-j vertical deformation that is known to 


precede some earlhquafes is not under- 
stood. Castle reviewed the data that indi- 
cated an anomalous 5(>-mm uplift near 
Niigata, Japan, five years before the mag- 
nitude 7.5 earthquake there. I he data 
would apjK-ar to be consistent with Ihe 
dilatancy theory. New data lor vertical 
deformation near San I ernando, Califor- 
nia, in the decade preceding the magnitude 
6.5 earthquake there were also presented 
Le<al surveys repeated in 1961, 1964, 
1965, 1968 1969, and 1971 (postearth- 
quake) furnished an exceptionally fiiie 
data base lor dectection of vertical move- 
men,. Several identifiable pulses of anoma- 
lous uplift ol as much as 80 mm c- uid be 
delecled at various times in the 
1961-1971 period, any one of which 
might be premonitory to the San 1 er- 
nando earthquake. However, the largest 
anomaly, about 20(1 mm, occurred near 
Palmdale, Calitornia. between 1961 and 
1964 and ajipears to lx- associated with 
the San Andreas lault. N.l, Morrison dlv 
cussed the possibility that vertical delor- 
inaiion ol the amount associated with 
tliese anomalies could lx- attributed to ac- 
ciiimilated error m the level surveys. 
Random errors in first-order levels aeeu- 
mulale as o/.'A where a is less than I 
mm/km'^r and /. is the length ol the sui- 
veyed section. Observation and compiila- 
lioii procedures are such llial known 
causes ol systematic erior are elimmiled 
b> caiicv-llalion, calibration, oi correction. 

I xisleiice ol signiticani systematic error is 
unlikely on these- lines ol length less than 
10(1 km. Thus the rejiorted anomalies 
appear to lx well above exjxcted errors. 

1 ide gages along seismically active 
coasts otter the possibility ot obtaining 
continuous records of preseismic, cosei.v 
mic, and postseismic vertical delormation. 
M.l) Weiod reviewed these data, (iood rec-- 
ords of the coseismic elevation changes 
h.ive Ixen obtained at the lime ot several 
great seismic thrusts. I he records appar- 
ently do not show significant veitical mo- 
tion immediately preceding (e g., a few 
hours before) the eatthquakev Wliether 
premonitory uplill occurs years before the 
earthquake isdiftieult to ascx-rlain txcause 
of (he inherent noise in the tidal record 
due to changes in water temperature and 
s,alinity. prevailing winds, and barometric 
jiressure. The reported abrupt change in 
»-a level at Ne/ugaseki, Japan, five years 
Ix-ture (he Niigata earthquake is seen only 
alter corrections (or the above parameters 
are made; the absc-nce of any anomaly on 
the uneorrccted record makes the exis- 
tence of that reported precursor dubious. 

I mally, A.M D/iewonski reported on 
compressive deloiiiiation at the source 
that apparently pts-ix-ded and ascom- 
jianied (wn deep-locus earthquakes (Co- 
lumbia, July 31, 1970, and I’eru-Bolivia, 
August 15, 1963) studied by him and I . 
GilIxrl. 'file conclusion was based on the 
low-lrequency Ixhavloi ot Uie seismic 
moment tensor determined from several 
hundred setsmograms. The conclusion (hat 
the compression was actually pre-cursive 
was based on extrapolation of the ob- 


served f ourier spectrum to the lower fre- 
quencies 


Third Session 

Panel on Theoretical Models 

Chairman: J. Wcertman (Northwestern) 

Members: J.B. Walsh (Massachusetts Insti- 
tute of Technology), A. Nut (Stan- 
lord), R. Alewine (Calitornia Institute 
of Technology), C.-Y. King (U.S. (jei>- 
logical Survey) 

Contributors: D. Turcotte (Cornell), D. 
Oldenburg (Institute of Geophysics 
and PKanetary Physics, University of 
California, La Jolla) 

In the introduction of the session, J. 
Weertman noted that changes in displace- 
ments around faults c.ji be used to make a 
rough estimate of tlie amount ol slip on a 
fault and the si/e and position of the fault 
area that has slipped. The estimates arc 
made by comparing observed displace- 
ments with displacements calculated from 
diflercnt dislocation models. In only one 
of the models developed so far can the 
surface displacements be transformed 
mathematically to give information such 
as the dislocation density on a fault. This 
IS the model of an infinitely long, vertical 
strike slip fault that contains infinitely 
long screw dislocations that lie parallel to 
the earth’s surface. Let m (_v) be the surface 
displacement, where y is the distance from 
the fault in a positive direction. Apart 
from a constant term, the slippage dis- 
placement Dlx) across the fault at a depth 
jr is equal to 2 Re |h'(u)| and the inte- 
grated shear stress fr(x) dx that acts across 
the fault is equal to -»i Im |w(ix)|. The 
quantity u w the shear modulus. The div 
location density Bix) is equal to -2 Im 
Iw'ftt)) and the shear stress t(x) across 
the fault is equal to -n Re w'(Lx), where 
w'(_v) “ dwidy. In a practical situation 
these relationships permit a very rough 
estimate to be made for D(x) and the inte- 
grated shear stress but are virtually useless 
for obtaining the other quantities. 

Weertman also pointed out that the 
water How paths around an edge disloca- 
tion on a fault in the model of Nur and 
Books r should be modified if the rock sur- 
rounding the fault is impervious to water 
when it contains no cracks. Such rock will 
contain cracks and water will flow through 
the aacks. The water pressure at any 
point will be the overburden pressure less 
the most tensile stress (or plus the least 
compressive stress) component of the diy 
location stress field. The effective perme- 
ability of ni'i ' fli'W also will be an'so- 
iropic in charccter hecaus>- of the 
nonhydrostatic stress components. If the 
degree of anisotropy is high, fluid will be 
forced to flow along the fault plane. 

J.B. Walsh showed that surface dis- 
placements found by using standard geo- 
detic lechniques can be used to estimate 
paramelets such as fault depth and dip 
angle, energy release, seismic moment, and 
average stress drop. Direct inversion of the 


displacement field for t)ie purpose of de- 
termining the distribution of the stress 
change on the fault is not practical be- 
cause of the uncx'rtainty in the measure- 
ments of the surface displacement. Much 
of this ambiguity in the inversion is in- 
Jierent in the method. Instead of inverting 
the surface displacement field, a displace- 
ment distribution or stress distribution on 
the fault is assumed, and the surface div 
placements are calculated by using elav 
ticity theory. These theoretically calcu- 
lated surface displacements are filled to 
the observed di.splacements by adjusting a 
free parameter, usually the fault depth. 
Values of fault parameters estimated by 
using different models may differ by a fac- 
tor of 2. 

A. Nur pointed out that there arc at 
least two different time-dependent proc- 
es.ses involved in the change of displace- 
ment fields near earthquake faults. One of 
these involves the flow of water and the 
other the viscoelastic behavior of rock. 
The post->cismic displacement changes that 
followed the Nankaido earthquake div 
played a complicated lime behavior for 
several years at the various observation sta- 
tions. A simple model of sudden faulting 
in an elastic lithosphere that rests on visco- 
elastic asthenosphere can be used to dem- 
onstrate that this poslseismic deformation 
is caused by the relaxation in thi- visco- 
elastic .i.sthenosphere. Analysis of getv 
detic, seismic, and gravity data from the 
Matsushiro earthquake swarm shows re- 
markable agreement with the features 
predicted by the theory of dtlalancy and 
water flow. It appears that the (upward) 
vertical displacements at the surfaie can- 
not be explained by the dislocation model 
that explains the hurir.ontaJ displacements. 
The gravity data indicate that during the 
early stages of the earthquake swarm the 
vertical displacements were accomp.'inied 
by a reduction of mass underneath the 
area that was displaced upward. In the 
later stages of the swarm the mass m this 
region increased markedly. Nur believes 
that these observations prove that dila- 
tancy and fluid flow are responsible for 
the vertical deformation. He concludes 
that gravity measurements may be sensi- 
tive enough to changes in dilatant expan- 
aon to be used as a method for studying 
the phenomenon of dilatancy at earth- 
quake faults. 

R.W. Alewine III described his system 
atic method for the estimation of fault 
model parameters. A three-dimensional 
fault model composed of many appropri- 
ately oriented fault elements was used to 
approximate the faulting of the San I er- 
nando, Calilotnia, earthqjake. The geom- 
etry of the lault system was fixed to con- 
form to all the geophystcally observable 
proper’ies of this event. A linear inversion 
scheme was used to simultaneously esti- 
mate in an optimum sense the absolute 
slip along each of the fault elements given 
the geometry and a set of observed div 
placement data. A means of mapping the 
estimated variance in the observed data 
into uncertainties in the fa"lt model pa- 
rameters was given and examples were 


shown The displacement function along 
the fault surface fur this earthquake was 
found to vary considerably with depth, 
mdicating the nonuniformity of the pre- 
existing strain field. 

Chi-Yu King summarired observations 
made on a laboratory model of a seismic 
strike slip fault. The model consists of 
spring-connected weights around a circular 
cylinder. The circular configuration of the 
model thus eliminates end effects. His 
model observations suggest that nonuni- 
form friction along a fault is important for 
the generation of earthquakes of various 
magnitudes 'rut that the nonuniformity of 
tJie friction does not need to be very large 
The shear stress drop associated w ith small 
and m.iderate earthquakes is very small in 
comparison with the total shea; stress that 
exists hefore the earthquake. That is. the 
occurrence of small and moderate earth- 
quakes does not perturb greatly the strevs 
level at the fault. The stress drops vary 
widely in magnitude as a result of a rela- 
tively small nonuniformity in the friction; 
they generally increase m magnitude with 
die sire of the earthqurke. King also sug- 
gested that ruptures may have a preferred 
duectiun of propagation along a curved 
fault in the earth that has different types 
of material on either sioe of the fault. He 
believes that processes other than fric- 
tional sliding that can change the level of 
the local stresses are required to explain 
the aftershock and faul! creep phenomena. 
These processes might lx: viscous sliding 
and the diffusion of fluids. 

D.L. Turcotte presented a cyclical 
mixJel tor the accumulation and release of 
strain adjacent to a strike slip faulf. His 
mtxiel is based on the assumption that the 
upper 15 km of the plate acts in a brittle 
manner and that the lithosphere beneath 
O’.is brittle region is deformed plastically. 
The mtxiel considers a rectangular shaped 
plate that is bordered on two parallel sides 
by strike slip faults (transform faults), on 
one side by a spreading ridge and on the 
opposite side by a trench. A iwo-dimen- 
aonal crack analysis yields the strain field 
in the hthosphere when the fault is locked 
to a prescritx-d depth. The strain field was 
sliown to extend only to a distance of the 
order of the length of the locked fault 
away from the fault. The linear increase of 
stress on the locked fault and the quad- 
ratic increaw in stored elastic energy was 
obtained. The results were compared with 
measurements of stratn accumulation, but 
the scatter in the data makes it difficult to 
discriminate between alternative models. 

D. Oldenburg described and later dem- 
onstrated a dynamic laboratory model of 
oceanic ridges and transform faults. The 
mixlet uses hot wax that is sinultaneously 
pulled In a horfr.onlal direction and cooled 
at the upper surface. 

I'ourth fsesaion 

Panel on Instrtimentalion 
and the h'uiure 

Chairman. Jon Berger (Institute of Geo- 
physics and Planetary Physics, Univer- 
sity of California, La Jolla) 
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Members: S.W. Smith (University of Wash- 
ington), G.C.P. King (Cambridge), J. 
Levine (National Bureau of Standards, 
Boulder), P. Bender (University of 
Colorado) 

Contributors: C. Beaumont (Institute of 
Geophysics and Planetary Physics, 
LIniversity of California, La Jolla), P.I'. 
MacDoran (Jet Propulsion Labora- 
tory), C.C. Counselman (Massachusetts 
Institute of Technology), J.P. Murphy 
and J.W. Siry (NASA), M.J.S. Johnston 
(U.S. Geological Survey), K.L. CooL 
(University of Utah) 

After introductory remarks by the 
Chairman, S.W. Smith opened by describ- 
ing a recent engineering evaluation of sev- 
eral types of conventional quartz tube 
strain meters. It svas shown that the 
effects of humidity arc much larger than 
might have been expected and that the 
nonlinear effects of lateral vibrations of 
tlic quartz tube are a significant source of 
long-period noise. Tests were run with 
quartz strain meters and a laser mterfei- 
ometcr on the same piers. Temperature- 
corrections applied to the quartz instru- 
ments were adequate to produce a good 
correspondence between laser and quartz 
instruments, but changes in humidity 
between 50% and 100% produced trans- 
ient strains of l(T‘ and a time constant of 
.about 20 hours. The strain was recoverable 
with the same time constant when the 
humidity was reduced. This observation 
leads to the conclu.sion that humidity may 
be a significant source of apparent sea- 
sonal variations observed with quartz 
strain meters and may be responsible lor 
the large transient strains observed in new 
installations. Typical deep mine installs 
tions arc in a constant 100% humidity 
situation, and hence the effect may not be 
of significance there. 

Smith also described a borehole instru- 
ment consisting of five miniature quartz 
strain meters in a compliant canister that 
has recently licen developed and installed 
at Mina, Nevada. The installation is in a 
shallow hole within the mine, which con- 
tains conventional quartz strain meters, 
thus a direct comparison of tidal and 
secular strains recorded on these different 
types of instruments will soon be avail- 
able. The borehole instrument had a drift 
rate of approximately l(T* per day after 
30 days, apparently as a result of the 
curing ol grout used in the installation. 
Larth tides are clearly visible. 

Some very encouraging results from a 
two-color gcodimeter under development 
at the University of Washington were also 
reported. Over a lO-kin ba.scline. the stan- 
dard deviation of distance measureineiils 
over several hours’ time was IX I'f’. 
Longer tests that will include a wide 
variet> ot meteorological conditions are 
now under way and will provide an esti- 
mate ot tliC absolute accuracy of this in- 
strument. f ield tests in which a microwave 
link was o[K-rated simultaneously show 
tliat the elTccts of water vapor on the 
distance measurement can be significantly 
leducx-d. Results to date indicate that this 


instrument will produce an order of mag- 
nitude improvement in distance measure- 
ment over a conventional geodimeter. 

G.C.P. King reported on results ob- 
tained with invar wire strain meters in a 
variety of configurations. Extensive work 
at the (Jueensburg Tunnei in Yorkshire, 
England, revealed significant effects of the 
tunnel cavity on the st ain measurements. 
Those mstruments aligned along tne axis 
of the tunnel were less affected than those 
at right angles. King reported on work that 
the Cambridge group is doing along the 
Anotolian fault in Iran. 

J. Levine reviewed the state of instru- 
mentation of laser strain meters including 
the la laser system of Cambridge Univer- 
sity, the 800-m surface installations of 
the University of California, San Diego, and 
his methane-stabilized system installed 
near Boulder, Colorado. Me emphasized 
that there were several different ap- 
proaches to the interferometric measure- 
ment of strain made possible through the 
use of lasers, and that if care were taken, 
they Would work equally well. He de- 
scribed the results of an inlercomparison 
of the observations of laser strain meters 
of dilferent design at three different sites 
and showed that the measured noise levels 
agreed to within 10 dB over a frequency 
range of 10' to 10' Mz. These observa- 
tions were free of spurious strain steps, 
large strain episodes, and other such anom- 
alous behavior. In conclusion, Levine 
conceived with Smith that ti ; advantages 
of laser interferometric strain measure- 
ments over more conventional tyiies more 
than compensated for their higher cost. 
Eurther, he said that the construction of 
these instruments, which once involved 
‘state of the art’ complexity, had now be- 
come a routine matter. 

Extraterrestrial methods for determin- 
mg crustal movements in seismic zones 
and for directly measunng the rclati-ze 
motions of tectonic plates were discussed 
by P.L. Bender. Independent station radio 
interferometry. laser d-stance measure- 
ments to artificial satellites, and laser mea- 
surements to the moon all appear capable 
of achieving I- to 3-cm accuracy for deter- 
mming the three-dimensional location of 
points on the earth’s surface. Observations 
from a movable station over a period of 
from a few days to a month would be used 
with those from already existing fixed 
stations to determine the movable station 
location. All three techniques appear desu- 
able for providing a basic framework of 
control points around and within seismic- 
zones, and i.-'tercomparisons at these 
points would provide accuiate cross- 
checks between the methi ds. A loarse 
grid of points within the framework at 
spi'cmgs of down to (lerhaps lUU km could 
lie remeasured each year by radio inlerler- 
ometry or sa'ellite ranging, provided that 
tlie costs can be kept low enough In 
region f (lailic.lar interest, more closely 
space-' poiiits would be tied into the grid 
by ground survey leclmiques. 

The extraterrestrial methods also 
appear capable of accurately measuring 
the relati- motions of 2 or 3 points on 
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each of the major tectonic plates within a 
fairly short period of time. This would 
provide a valuable check on the plate 
motion models used in trying to under- 
stand strain accumulation m seismic zones 
and would indicate whether appreciable 
strain accumulation is taking place away 
from the main seismic zones. In addition, 
information on whether large aseismic 
motions accompany some m^jor earth- 
quakes can be obtained from the extrater- 
restrial methods by accurately observing 
changes in the polar motion of the earth. 

There were seven contributors to this 
session, beginning with C. Beaumont, who 
presented the results ot work by himself 
and Berger that examined the changes in 
the earth tide admittance to be expected 
to accompany dilatancy. Numerical solu- 
tions for the earth tide on a model eaith 
with dilatant crustal inclusions indicate 
that up to 60% changes in the strain tide 
and 100% changes in the till tide will 
result from a 15 to 20% reduction in the 
ratio VpIVs. the seismic f> to r velocity in 
the inclusion. Eurther, detectable changes 
will occur up to a distance of 1.5 limes the 
typical dimension -,f the dilatant inclu- 
sion. Monitoring of the earth tide was 
therefore suggested as a sensitive and con- 
Qnuous method of earthquake prediction 
if such dilatancy precedes earthquakes. 
The time dependence of the lid,-il signal 
due to dilatancy is identical to that of the 
Ep/Ej ratio, because both dcjicnd on 
changes of the elastic moduli in Ihe dila- 
tant zone. A search of the tidal strain data 
for the past three years from the laser 
strain meters at the Pinon Elat Geophys- 
ical Observatory yields no existence of 
anomalous changes in the tidal signal, nor 
have there been any earthquakes in the 
vicinity of the observatory. 1 he practical 
limits ol detectability for the method are 
about *2% change in strain tide admit- 
tance for a one-month period. 

P.E. MacDoran reviewed the progress 
his lab has made in very long baseline 
radio inierfcrometry (VLBI). lie pointed 
out some advantages that this technique 
has over the other extraterrestrial ranging 
methods and outlined plans for a Soulhetn 
California network of such stations, feasi- 
bility expenments conducted over a 
lO-km ^ .th have demonstrated an accu- 
racy of a few centimeters for three- 
dimensional determinations of relative 
position. Operation on longer baselines 
will require calibration for atmospheric 
earth rotational, and astronomical effects, 
but MacDoran indicated that studies have 
sliown that three-dimensional separation 
of antennas up to several hundred kilom- 
eters may be determined to a lew centi- 
meters’ accuracy. 

('('. Counselman presented some re- 
sults of VLHI exjierlments perlotmed Ik-- 
tween April 1972 and March 1973 with 
1’ e Haystack Observatory in Massachu- 
setts and the Goldstonc Tracking Station 
III California. Results lor the baseline 
k-ngtii ol 3901) km yielded an rms spread 
of under 25 cm. The corresponding Irai - 
tional uncertainly of almul 6 parts in 10* 
is one of the lowest ever achieved in geod- 
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Seventh 

Geodesy /Solid-Earth and Ocean Physics 
(GEOP) Research Conference 

Coastal Problems 
Related to 
Water Level 

FAWCETT CENTER FOR TOMORROW 
THE OHIO STATE UNIVERSITY 
COlUMBUS. OHIO 


JUNE 6 7, 1974 


Sponsored by: American Geophysical Union 
Defense Mapping Agency 
National Aeronautics and Space Administration 
National Oceanic and Atmospheric Administration 
Ohio State University, Department of Geodetic Science 
U.S. Geological Survey 


The theme for the Seventh GEOP Research Conference will be set by an introductory review. The conference will 
be divided into the following subtopics, each introduced by an invited moderator and discussed by a panel: 

A 

1 . Management Problems Related to Changes in Elevation. 

2. Hydrological Effects on Elevations and Shore Line. 

3. Geological Effects on Elevations and Shore Line. 

4. Special Problems of the Great Lakes. 


Individuals interested in attending the conference are rc\|uested to send their applications on the standard applica- 
tion form available from the American Geophysical Union, 1707 L Sireel, N.W., Washington, D.C. 20036. 

Further details on the program, accommodations, and registration will be sent to those applicants selected by the 
committee to attend the conference by April 30. 1974 

GEOP 7 follows the International Symposium on Applications of Murine Geodesy being held June 3 5, 1974, at 
Battelle in Columbus, Ohio. 

Applications for attendance must he received hv April 2.i. i^74. 

American Geophysical Union * 1707 L Street, N.W. * Washington, D.C. 20036 


115 


I 


J 


f 



N76-20573 


Recent 
and Late 
Quatern ary 
Changes 
in Water 
Level 

R.I. Walcott 


P AST GF.OP C'ONFFRENCES 
have focused on such topics as 
ocean and earth tides and vertical 
movements and on various other as- 
pects of earth dynamics. In CHOP 7, 
several of these topics were brought 
together in considering the classes of 
problems and processes that arise in 
coastal areas related to water level. 
Those who have been following the 
GEOP conference series in t®S or 
who have attended a number of the 
conferences will have noted the 
complex interdependence of solid 
earth and oceanic dynamics, wv.h the 
themes of deformation and move- 
ment interwoven throughout the 
various disciplines and specializations 
of geodesy, geology, climatology, 
and geophysics- which is the physical 
ecology of the earth, if you like. On 
the coasts these interrelationships are 
most forcefully and dramatically evi- 
dent. 

I have chosen to summarize here 
our knowledge of changes in water 
level of both the sea and Great Lakes 
in very general terms, describing how 
the information is analyzed and criti- 
cally reviewing some ideas about the 
causes of the changes in level. 

Changes of Water Level 
The amplitude spectrum of peri- 
odic water level variations where the 
amplitude of water level is plotted 
against frequency is given in a gener- 
alized manner for the oceans in Fig- 
ure la and for the Great Lakes in 
Figure Ih. These arc not measured 

This arlielc was taken from the keynote 
address presented at the Seventh GFOP 
Research Conlcrence, on Coastal Problems 
Related to Water Level, held at the Ohio 
State University, Columbus, June 6 7, 
1974. 

Contribution 519 from the I-'arth Physics 
Branch. 


spectra but are diagrams to summa- 
rize the variations in water level and 
to identify the various bands of 
water level activity. Water level varies 
on widely different time scales. In a 
sense, waves and swell arc short-term 
variations in level, and in geok'gy, in 
the marine Ordovician, Devonian, 
and Cretaceous sediments coveting 
large areas of the continents, there is 
evidence of very long term changes in 
level. But in this review it is the 
middle part of the spectrum of water 
level activity from the tidal to the 
clima*ic bands that is of principal im- 
portance. These are th»" bands that 
contribute significantly to the water 
level changes that can be measured 
over a period of a hundred years or 
so and arc thus related to coastal 
problems. 

On the coasts the important varia- 
tions on a day to day basis arc the 
tidal and v «,* bands, although in 
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terms of a society the climatic band 
is also important, since the changes 
are systematic and occur over exten- 
sive regions. Water level activity in 
the range of tidal to yearly period 
was the subject of the first GEOP 
conference IHenJershott, 1973] and 
will not be discussed in detail in this 
review. The amplitude of tides of the 
ocean coast is generally in the range 
of 1 — 5 m and dominates the variance 
in sea level. In the Great Lakes the 
tidal band is unimportant, and the 
largest changes are those that occur 
in a 1- to 30-yr period, which is the 
climatic band of the Great Lakes. 
Tides and seiches can be observed, 
but the dominant amplitude by far is 
an annual term [Dohler and Ku, 
19701. 

Variation of the Annual Mean 

Direct recorded measurements of 
water level by gage in both the Great 
Lakes and Europe go back to the 
early nineteenth century, and in a 
few cases in Europe, sea level records 
are available from the eighteenth cen- 
tury and even earlier. In most of the 
very old records there is a problem in 
knowing whether or not the local 
datum to which the water level was 
referred had been changed during the 
time of operation, and this is by far 
the biggest source of uncertainty in 
knowing the long-term variations in 
water level. Some records, plotted as 
annual mean sea level, are shown in 
Figure 2; the stations were chosen to 
obtain a well-distributed set of infor- 
mation not too strongly biased 
toward any one region. Note how 
quiet the sea is in the time range of I 
yr to as long as the records are avail- 
able. The short-term variations in 
water level are all less than ±10 cm, 
and a quick inspection by eye shows 
that most of the variance is in the 
frequency range of 1 c (cycle) in 5 to 
1 c in 15 yr. The amplitude of the 
variations in insignificant compared 
with the amplitudes of the waves and 
the tides (about 1-5 m) at most 
coastal locations. 

The (ireat Lakes (Figure 3) are in 
complete contrast. Tides (and 
seiches) are small, and the mean daily 
variation (Figure 3a) has a root mean 
square variance of about 5 cm, 
whereas the yearly variation is typi- 
cally about 25 cm. The variation 
shown in annual means (Figure 3h) is 


more like 165 cm, and the dominant 
power appears in 30-yr and about 
12-yr periods. There appears to be a 
good correlation with variations in 
precipitation (Figure 3c), and thus 
long-term variations in lake level are 
presumably climatic in origin. 


The secular trend ol many stations 
IS of a relative sea level rise the maxi- 
mum rate of which occurs at Balti- 
more in the records shown and 
amounts to 25 cm in the last 70 yr. 
Of the stations in Figure 2, 7 ihow 
this trend clearly; 2, I’ointe au Pere 
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and Hosojima, Japan, show an oppo- 
site trend, and the others are noisy or 
flat. Gutenberg [1941] estimated the 
mean global secular change in sea 
level to be 1.2 mm/yr based on an 
average of about 65 stations the 
world over. There have been a num- 
ber of criticisms of individual station 
records in his analysis, and there is 
the general criticism that although 
Gutenberg excluded data from gla- 
cioisostatic uplifting areas he in- 
cluded data from glacioisostatic sub- 
siding areas, and therefore a bias is 
introduced into the data. Moreover, 
no data were available from more 
than half the area of the world's 
oceans, and thus we have to take the 
rounded value of 1.0 mm/yr secular 
rise as only very approximate. Fair- 
bridge and Krebs (19621 updated 
Gutenberg’s work and gave the world 
eustatic curve of Figure 4. Again, 
however, data are unavailable from 
the southern parts of the Pacific, 
Indian, and Atlantic (Jeeans, and, at 
least for the nineteenth century part 
of the curve, the data are biased 
toward galcioisostatically subsiding 
regions. A compendium of trends in 
sea level is available in Publieatinn 
Scientifique, no. 13, 1954, from the 
International Association of Physical 
Oceanography (lAPO). 

Further discussions of worldwide 
sea level trends are given by Kuenen 
[1954], Munk and Reielle (19521, 
and Pisney (19551. Recent discus- 
sions of sea level trends in the United 
States are given by Hicks 1 1972] . 

In many oceanic gage records there 
are changes in the long-term trend. In 
the record from Brest the trend dur- 
ing the nineteenth century seems to 
be flat, and it rises only gently since 
1920, but there was a rapid change 
of some 10 cm between 1905 and 
1920. The record at Mellevoetsluis, 
Netherlands, is similar, and unusual 
trends over the same time interval 
occur at Honolulu and perhaps at 
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Sydney, Australia, This last record is 
unusually noisy at this period, but if 
anything the trend is opposite in sign 
to the trends of northern F.urope. 
None of the other records shows any- 
thing unusual in this penod, although 
very similar changes do occur at dif- 
ferent times, such as the step in the 
data at Bombay around 1930. 

Thus these short-term anomalies in 
the secular trend, although they ap- 
pear to be regionally coherent over 
large areas, have not been established 
to be clearly global in character. At 
Amsterdam 290 yr of water level 
records are available ( I'an I'een, 
19541 . According to Morner ( 19731 , 
this record and others from southern 
Scandinavia show a long-term varia- 
tion in secul’.r trend of sea level in 
northern I'urope as follows: from 

1830 to 1930, sea level rose at 1.3 
mm/yr; from 1740 to 1830 it rose at 
0.15 mm/yr; and from 1682 to 1740 
it rose at 0.4 mm/yr. As we can see 
by Brest and Mellevoetsluis records 
(Figure 2) the secular trends are very 
much more uneven than this simple 
characterization shows. 

So far only the trends ol mean sea 
level have been discussed that is, the 
averaged or integrated values over 
specified periods of time but there 
are also other characteristics ol sea 
level that show long-term variation. 
I he variation in the annual mean 
range of sea level is discussed by 
Kaye and Stukey ( 19731 , who show 
a prominent periodicity in this pa- 
rameter with a frequency of 1 c in 
18,6 yr-the cycle of the lunar nodes 


Late Quaternary .Movements 
nf Sea Level 

In extending knowledge of sea levs, 
back in time beyond direct measure- 
ments there is a wide variety of his- 
torical, archeological, and geological 
information. The most abundant and 
universal data consist of radiocarbon 
dated materials related to past sea 
levels, e.g., submerged peat or ele- 
vated shells. These materials from a 
variety of regions show that on a 
1000- to 10,000-yr time scale there 
are pronounced variations in sea level 
from place to place (Figure 5) The 
variation in this figure is undoubt- 
edly largely due to movements of the 
land. In this figure, 5 .sea level curves 
are plotted and compared with a 
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rig. 5. Sci level curves from widely sep- 
■iraled locations in North America Note 
the iliflereiice in scale below and above 
zero line The curves are drawn us smooth 
lines ihrouKli the data shown by error bars, 
which are discussed in the text, l-.ustatic 
curve from Shrpanl |I963| is alven for 
reference. 

curve published by Shepard (19631, 
which is described as a eustatic that 
IS, a global average sea level curve. 
I'.acli of the curves ol Figure 5 is 
based on discrete data points that 
have been generalized by drawmg 
smooth best-tit curves by eye and 
interpolating the point values shown 
in the figure. The error bars are de- 
rived from maximum and minimum 
positions of sea level consistent with 
the availaole data. 

Precise determination of late Qua- 
ternary eustatic sea levels, the search 
for which has been going on for some 
lime but which appears to have be- 
come of dominating concern in the 
1960’s after the publication of 
Godwin et al.'s (19581 and Fair- 
bridge's 119,611 papers, has proved 
elusive. As we shall see in the discus- 
sion of the analysis of water level 
data, the idea of a eustatic sea level is 
not easily formulated in precise 
terms, but conceptually, it can be 
understood as a worldwide synchro- 
nous change in sea level that might 
arise by changes in the volume of sea 
water, in its density, or in the shape 
of ocean basin(s) [Fairbridge, 1962] . 

A number of the sea level curves 
that have been referred to as eustatic 
with varying degrees of asaertion arc 
sliown in Figure 6. 1 he very consid- 
erable scatter sho.vs that the true 
curve IS not well determined, but we 
can probably be confident that it lies 
within the limits oi the envelope con- 
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Kig. b, l ight directly observed or derived 
(no. 7) sea level curves described as eu- 
static. Ihe sea level equivalent fur Lauren- 
tide and Innuitian ice sheets given by 
Paterson | 1472 | is also shown. 

taming all curves. Thus from about 
18,000 to 6000 yr B.P., sea level rose 
eustatically some 100 m to near its 
present level, and from that time it 
has remained within 5 m over most 
of the world. As we have seen in Fig- 
ure 5, sea level in some locations 
shows very considerable variations 
from the eustatic value. Since it is 
the local value of sea level rise that is 
important to the coastal problen.sin 
any particular locality, it is impor- 
tant for us to determine the reasons 
for the variations about the mean in 
relative sea level change. 

The principle cause of the eustatic 
rise in sea level from 18,000 to 6000 
years B.P. is the melting of the exten- 
sive ice sheets that covered North 
America and Fennoscandia and the 
less extensive areas in South Amer- 
ica, Alaska, and Siberia. The largest 
of these by far was the Laurentide 
Ice Sheet, which, with the contigu- 
ous Innuitian ice sheet over the 
Arctic Archipelago, covered most of 
Canada, /'aferion [1972] has calcul- 
ated the rise in sea level produced by 
their melting, and his curve is given 
in Figure 6. Since the two ice sheets 
covered approximately 2/3 of the 
total deglaciated area, they account 
for more than 2/3 of the volume of 
water released by the melting of the 
ice. and this would indicate a general 
agreement with the shallower of the 
so-called eustatic curves. 

Changes in sea level prior to the 
last glaciation are not well deter- 
mined. There is some information 
from the Bahamas [Brnckcr et ai, 
1968) and New Guinea [Chappell, 
1^^741 that together indicate long- 
tern. variations in sea level broadly 
coinciding, as one might expect, with 


the cycles of ice buildup and melting 
insofar as these are known. In this 
context. Pleistocene sea levels, like 
the ice sheets themselves, are primar- 
ily a climatic phenomenon, and it is 
easier to determine changes in oce- 
anic climate [Imhrie and Kipp. 
1971) durng the Pleistocene than 
sea level. I he dominant period in 
temperature is 10* to 3 X 10* years, 
and amplitudes of sea level move- 
ment are presumably comparable to 
that of the last glaciation 100 m. 
Kates of change of sea level during 
the Pleistocene have been higher than 
10 mm/yr and at present are proba- 
bly less than 1 mm/yr. 

Quasi-Periodic Changes in Sea Level 

The most important changes in 
level in terms of flooding, loss of life, 
and destruction of property are not 
the periodic movements of Figure I 
but the transient phenomena of 
.storm surges. These are. meteorolog- 
ically induced rises in water level of 
comparable amplitude to the tides. 
The surge is produced by the low 
pressure of a storm center coupled 
with high winds that drive the waters 
to the shore and may last several 
hours, as with most hurricanes, to a 
few days for the storm surges of the 
North Sea. The North Sea is a region 
particularly prone to surges as anom- 
alously high water levels can be 
swept in from the north and trapped 
by the coastal configuration around 
the Straits of Dover. Since 1897, the 
year of a particularly severe and de- 
structive storm, there have been 8 
major storm-induced surges in the 
North Sea. The 1953 surge has been 
desc.ibed by Steers 11971). The low 
pressure at the center of the storm 
over the North Sea was 967 mbar. 
and it was bounded by a ridge of 
high pressure over the North Atlantic 
of 1033 mbar. Sea level rose 70 cm 
above its predicted value in the 
center of the North Sea, and levels 
rose at the coastline up to 3.1 m 
above normal in Holland and 2.5 m 
in the Thames estuary [Kossiier, 
1954, A'mg. 1959). 

H umcane-produced surges along 
the Gulf coast are also frequent. On 
the Texas coast between 1900 and 
1967 there have been 20 surges, with 
a peak surge height of water level 
from 60 to 3.9 m [Hodine, 1969) 
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Analysis of Water Level Changes 

Water level means the height at 
some location that is derived fur an 
oscillating surface smoothed in time, 
mechanically by a still well, as in a 
tide gage, mathematically by averag- 
ing a series of instantaneous values or 
by the integration ol a continuous re- 
cording, or naturally by the forma- 
tion of a beach. The measurement of 
the height of water level in eithci sea 
or lakes, however it is delined and 
irrespective -of whether it is measured 
instrunieiitally by a gage or by the 
recognition and measurement of the 
elevation of an old, dated shoreline, 
IS simply the difference in height be- 
tween the water level and some local 
datum. As such it is defined only 
locally and can be repiesented 
symbolically by XSiU), where A.V is 
the height of water level above local 
datum / at time t. To fully specily 
what IS meant by a water level we 
therefore require definition ol the 
smoothing, the position, the local 
datum, and the time of the measure- 
ment. This is as true lor geological 
data like the elevation ol an old 
shoreline as it is for a tide gage. 

Speetnini Analysis i>t Short Reeords 
at a Single Station 

With a restricted data set Iroiii one 
locality, U'unseh (1972) had consid- 
erable success in explaining the varia- 
tion in water level in terms of Ihe 
physical processes involved His data 
consisted of records over an 8-year 
period ol sea level obtained by a 
well-maintained tide gage on Ber- 
muda Island. The very short period 
oscillations of waves were smoothed 
by the design of the gage, and 
W'unsch examined the spectrum be- 
tween 0.5 eph to 1 c in 8 yi. The 
most important factors affecting the 
variance of sea level were the linear 
portion of the tidal spectrum, which 
accounted for some 70% ('fj alone 
at this station was responsible for 
60'T of the variance) and the 
weather in particular, variations in 
atmospheric pressure at sea level and 
winds that together accounted for 
1491. In the open sea the static rela- 
lioiiship between atmospheric pres- 
sure and sea level is that of an in- 
verted barometei, and thus to ensiiie 
that Ihe pressure a short distance 
below the surface remains constant. 
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wc require a change in sea level of 
-0.9*f cm/mbar (the sign indicates a 
sea level fall for an atmospheric pres- 
sure rise). This is shown to account 
for some of the sea level change in 
the Bermuda records, but the records 
also show that for very rapid pressure 
changes the coherence between sea 
level and pressure falls off, no doubt 
because sea level does not have time 
to keep up witn pressure changes. 
The coherence also lalN at long 
periods because the power in sea 
level rises more rapidly than air pres- 
sure, indicating that some other fac 
tor is becoming dominant. This is 
apparently a wind effect and is im- 
portant for periods exceeding 400 
hours. .Another interesting relation- 
ship is for very extensive pressure 
disturbances, the ocean tends to 
compensate the pressure field by 
geostrophic currents, and sea level 
tends not to move. Tides and 
weather therefore account for 84% 
of the variance. Another 3%. largely 
in the annual peak, is accounted for 
by variations in dynamic height 
where temperature variations of sea 
level to the 1500-dbar level are com- 
puted. Most of the residual 13% is 
probably due to baratropic motions. 

I.ong-Tcnn Records and Widely 
Separated Stations 

The analysis of widely separated 
data is a very much more difficult 
problem. .Strictly, in order to com- 
pare water levels at different posi- 
tions, we require a reference datum 
common to all positions. Such a sur- 
face could be an equipotential deter- 
mined by leveling, in which case the 
discrimination of changes in water 
level from one position to another is 
given by the accuracy of the leveling 
piocedure. There are, however, few 
places in the world where this in- 
formation is available to the requu'ed 
accuracy. Alternatively, the analysis 
can be approached by supposing that 
the causes of the variation in sea level 
are sufficiently well understood to 
recognize all the factors that will 
contribute to a significant change in 
water level. Mathematical models can 
therefore be constructed of the water 
level variation. As the requirement of 
accuracy in the model is increased, so 
will be the number of relevant fac- 
tors. Conversely, for any particular 
model of water level variation it is 


necessary to estimate the probable 
error of the model. 

Simple Partitioning 

The most commonly used model is 
that of a simple partitioning of the 
sea level variation: 

XSiU) = t:(t)*Ti(t) (1) 

where Ah is a simultaneous change 
of water level that affects all stations 
equally, and Ti(t) are movements of 
the local datum i. If the data were 
globally distributed. Ah would be 
the eustatic change in sea level in the 
sense in which this term is usually 
used. For data of restricted distribu- 
tion over the e.irth partitioned as in 

(1) , the Ah is i.ot necessarily a eus- 
tatic change, it may approximate 
one, but any uniform change of 
height of the local datums at each 
location will appear in the values fur 
A/:'. It is impossible to distinguish by 
internal criteria alone between a uni- 
form change in water level that is 
truly eustatic and a uniform change 
of the local datums. In order to .solve 
equation (I), some hypothesis is re- 
quired concerning the movement of 
the local datums Ti. and there will be 
as many different values for Ah' as 
there are different hypotheses for the 
distribution of the Ti. 

Since data on water levels are gen- 
erally available only for discrete 
times, equation ( 1 ) is rewritten 

XSti = Ah/ + Ttj + eii (2) 

‘fere / is time, T// represent a sup- 
posed tectonic factor that disturbs 
the local datums, and the Ci/ are resi- 
duals ansing from errors and unex- 
plained effects. As before, to solve 

(2) , hypotheses are required for the 
form of the Ti/ and the statistical 
distribution of the e//. 

hxamples. Two examples of 
simple partitioning are available from 
southern Scandinavia, explicitly in 
Schofield |I964] and implicitly in 
Morner ( l‘)h‘J, 1971 1, These are not 
the only examples: papers by Chap- 
pell 11974), Ward |197Ii and 
Mathews'S (1973) are based on the 
same principles and are open to the 
same errors. 

Schofield (1964] used shoreline 
displacement curves from southern 


Norway and Sweden and supposed 
that the fr/ are normally distributed 
and that values of T// in any partic- 
ular penod I are proportional from 
one place to another, f hat is, 

T„=m-Ki (3) 

so that 

{XSii- Ai:,)lqt = K-t (“I) 

With regard to this hypothesis 
about the Tq, note that qt is a con- 
stant for each location, and therefore 
the Ttj cannot change in sign, i.e„ a 
consequence of this hypothesis is 
that the zero isobuse is fixed. 

Morner \ 1 969, 1971) used accu- 
rately elevated and dated transgres- 
sive shorelines in the vicinity of the 
Kattegatt Sea. He did nut sol. equa- 
tion (2) directly but tried a number 
ol different formulations for the A/.'/ 
and thus derived the Tq, which were 
plotted and discussed in terms of 
‘reasonableness’ and supposed valid- 
ity. I he specific criteria for these 
judgments are nut clearly stated, ul- 
thuugli he too preferred values for 
AF./ that resulted in a fixed zero iso- 
base. Essentially the assumption 
made by Morner is the same as that 
ol Schofield. That they obtain sig- 
nificantly different values for A/;'/ lor 
the same area is presumably a result 
of the different data used in the 
analyses. 

This criterion of stability is neither 
necessary nor sufficient to determine 
the eustatic sea level, as was claimed 
by both writers. It is not necessary 
because most physical models of gla- 
ciuisustatic rebound involve a migra- 
tion of the zero isobase \Walcott, 
1973) (i.e., qi is not constant in 
time), and it is nut sufficient because 
any uniform change in local datums 
that affects all positions equally will 
appear in Ah, and it is probable that 
movements of this sort do exist. 

The fundamental supposition of 
simple partitioning as expressed in 
equations (I) and (2) is that the 
movements of sea level in different 
locat.ons can be separated from the 
movements ol the land by using a 
linear equation, this supposition is 
incorrect if there is a substantial cor- 
relation between movements of the 
local datums Tq and sea level AF.,. 
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Because a eustatic change consti- 
tutes a redistribution of load over the 
earth’s surface, and this load will in- 
duce deformation in the solid earth, 
there is every reason to expect a cor- 
relation of movements of the land 
and movements of sea level. The 
question becomes to what extent this 
interdependence of tectonic and eu- 
static factors introduces an error into 
the simple partitioning technique. 
The point is discussed in the follow- 
ing section on deformation of the 
earth, where it is shown that the 
error in determining eustatic sea level 
is probably in excess of 30% of AT.' in 
many locations. 

Deformation and Movements 
of the Earth's Surface 

The error in determining eustatic 
sea level arises because the earth, like 
any real body, is deformable. Thus 
where the earth is subjected to differ- 
ential surface loading, as at a coast- 
line during a eustatic change, there 
will be movements of the local 
datums correlated with the move- 
ments of the water. That is, the earth 
must be stressed to support surface 
loads, and because the earth has a 
finite rigidity, these stresses lead to 
body strains and hence surface dis- 
placements. The quantitative rela- 
tionship between surface load on the 
one hand and surface displacement 
on the other can be calculated using 
various rheological models of the 
earth. Elastic theory and the elastic- 
parameters for the earth derived by- 
seismology and tidal observations are 
an obvious first step. 

Elastic Deformation 

An example from the Great Lakes, 
although inconclusive in its results, is 
instructive. The change in water level 


of the Great Lakes over periods of 50 
yr is more than 1 m, and to a first 
approximation the associated defor- 
mation of the earth can be estimated 
by calculating the displacements 
caused by loading an infinite elastic 
half-space. In Figure 7 are shown the 
vertical displacements in millimeters 
for a l-m inc'-ease m water level over 
all the Great Lakes. If a l-m change 
in water results in a downward dis- 
placement of the grocnd of /|_ K'/ is 
the elevation of the local datum, and 
qj IS the rate of vertical movement of 
the land at the ith gage, then 

AS,, = IV, -t- AE,( 1 fi) 

+ a, • / • Ar e// (5j 

where AS,, is the mean monthly wa- 
ter level at the /th month and e,, are 
residuals. 



Ha. 7. Vertical displacement in milli- 
meters calculated for a I m rise In water 
level over all the tireat t akes. The elastic 
constants are taken as Young's modulus 
O.H X lo’’ dynes/cm* and I’oisson's ratio 
of 0.24. 

There arc K stations, and over a 
50-yr period there will be 4800 equa- 
tions with 624 unknowns. The equa- 
tions (5) to be solved are nonlinear, 
but f, is small- generally between 
lO"® and 1 O'* ; therefore we solve by 
first putting f, = 0 to obtain the Aty 
and by using these values, solve for 
other parameters. 


The values for the parameters are 
given in Table 1 . 1 he partial variance 
of each parameter is obtained and 
the root mean variance a is given. 
Only the diflerences in value be- 
tween stations are of significance, 
and therfore a base value of zero for 
all parameters is taken lor the must 
southerly station. Calumet. Note that 
the relative heights of the local 
datums H‘, and the relative rates of 
vertical movement are well deter- 
mined at the 95% confidence level 
(i2a) and that some ol the lacturs/j 
are significant at the lo level. 1 he 
estimates for these factors are not 
the same as those calculated for the 
elastic half-space, indeed, station 
Thessalon shows a negative factor. 
However, any correlation between 
water level changes of an individual 
station and lake level changes as a 
whole will give a significant value to 
and such a change could be cli- 
matic as well as deforniatioiial in 
origin. .Systematic changes in winds, 
for example, could be correlated 
with changes in water level, and the 
negative value at Thessalon may in- 
dicate a piling ol water up on that 
shore during periods ol relatively 
high water. 

I Ins explanation shows that the 
statistical precision cited lor the rela- 
tive heights of the local datums is 
probably not a true estimate of the 
accuracy of their nieasurement by a 
water level transfer. Nevertheless, 
close monitoring of the parameters 
of wind, atmospheric pressure at lake 
level, and lake temperature will pro- 
vide data to introduce a physically 
more reasonable model than (5), and 
very high accuracies of water level 
transfer of heights would appear 
technically feasible. Also, in this case 


TABLE 1. Values for Parameters of Equation 5 for Mean Monthly Water Levels, 1920-1970 


Lake Michigan-lluroii, Base Value at Calumet 

Gage 

K'l t 2o, 
mm 

ai t 2a, 
mm/yr 

Jit II X 10 ’ 

Jl' X Ilf’ 

Calumet 

0 

0 

0 

n 

Milwaukee 

3..1 1 6.9 

-0.6 t 0.3 

3.7 t 4 1 

2 

Slurgeon Bay 

24.4 1 7.2 

1.0 1 0.3 

4.9 1 4.1 

4 

Mackinaw City 

.38.4 1 6.8 

2.0 1 0.3 

3.7 1 4.1 

7 

Thessalon 

51.5 1 7.0 

3.2 i 0.3 

-5.7 1 4 1 

5 

Harbor Beach 

28.6 1 7.2 

1.1 1 0.3 

5.5 1 4.1 

5 

Goderich 

14.0 1 6.9 

0.9 1 0.3 

4.6 1 4.1 

4 

Colli ngwood 

50.6 t 6.8 

3.0 t 0 3 

-2.7 1 4.1 

0 


//-' is the estimated value from Figure 7. 
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the deformational factors could be 
accurately determined. 

The deformation factor /, is small 
in the Great Lakes, but since its mag- 
nitude depends on the wavelength of 
the load, it can be large for oceanic 
areas. The calculation of the elastic 
deformation of the earth by surface 
loading over the oceans was earned 
out by using the Gutenberg model of 
the earth given, for example, by 
Longman [1962, 19631. If the eus- 
tatic load were the only load contrib- 
uting to the factor /), it would be an 
easy task to calculate it once for all 
places on earth. However, for loading 
on a global scale there is always a 
zero sum problem where the actual 
change in mass integrates to zero and 
all that occurs is a redistribution of 
the mass. Figure 8 shows the value 
for 1 + fi expressed as a percentage 
for the loading of the oceans by a 
rise in sea level on the supposition 
that the rise was caused by the melt- 
ing of continental ice sheets distrib- 
uted in the proportion North Amer- 
ica ; Fennoscandia : Alaska : Argen- 
tina 10 : 3 : 1 : 1. We see that the 
value of 1 + fi in the vicinity of the 
melting ice sheets is less than 1 and 
as large as 1.27 in the center of the 
Pacific Ocean. 

I'tscous Effects 

An elastic model for the earth is 
relevant where viscous relaxation is 
small, but for the late Quaternary, 


viscous movements are probably im- 
portant. However, we have no direct 
mformation on the response of the 
earth to surface loads as large in area 
as the oceans, apart from the changes 
in sea level themselves, and it is these 
changes that will give information on 
the deep rheology of the earth. Gla- 
cioisostatic information that shows a 
lower mantle of viscosity at least 
lO^^P and an asthenosphere with a 
ratio of the cube of the thickness to 
viscosity of about 50 km*/yr [Wal- 
cott, 1973) is not of definitive value, 
since the asthenosphere may be 
much thicker under the oceans than 
under the shields, and whether the 
viscosity is lO^’P or lO**/* is of 
critical importance to loads us large 
as the Pacific Ocean. If it is as large 
as 10**/*, then relaxation is by thin 
channel flow, and the relaxation time 
is about 10* years. Therefore there 
will have been little compensation 
for the late Quaternary rise in sea 
level, and the elastic displacements of 
Figure 8 will be a good approxima- 
tion. If it were 10^*P, the relaxation 
time is about 10* years, substantial 
compensation could have occurred, 
and the appropriate model is that of 
relaxation of an infinite half-space. 
In this model, relaxation occurs most 
rapidly in the center and at equilib 
rium will amount to about 30% At'. 
In other words, for complete com- 
pensation of oceanic loads, move- 
ments of comparable amplitude to 



errecT or global elastic oeroRuATioN 


tig. 8. Verticil displacement caused by elastic defurmatinn of the Gutenberg earth by a 
rise in sen level derived from melted ice in the black areas. The contours give change In 
sea level expressed as a percentage of the eustatlc (oceanwide average) change In sea 
level. I From Walcott, l972o.| 


those of Figure 8 will occur, and 
these movements will be correlated 
with changes in water level. 

viost data on Pleistocene sea levels 
come .'rom the coastlines of the con- 
tinents, and there considerable com- 
plexities in pattern of movement are 
to be expected because they are at 
the edge of the surface loadmg. Some 
of the possible complexities have 
been described by Walcott [ 1972al 
(or one particular model of the earth, 
but the important point is that large 
variations in movements of the land 
over extensive areas are possible, and 
it is these variations that will give the 
information necessary for deter- 
mining the deep rheology of the 
earth and not vice versa. Also, be- 
cause of these movements the search 
for the eustatic sea level is, like most 
interesting geophysical problems, an 
inverse problem-it is neither directly 
nor easily solved. Rather than the 
repetitious production of preferred 
eustatic curves from a restricted data 
set, our energies should be more con- 
centrated on the acquisition of better 
data giving local sea level curves for a 
variety of regions and environments. 
With sufficient data it should prove 
possible to carry out an inversion to 
obtain not only the eustatic sea level 
but also the rheological structure of 
the earth. 

In the vicinity of the areas of gla- 
cioisostatic rebound like North 
America and Furope the movements 
of the land are very much larger than 
those determined solely by the 
changes in water level discussed 
above. The pattern of movements Is 
of a rising dome in the degiaciated 
area surrounded by a subsiding zore 
very much larger in area. The maxi- 
mum uplift in the center is approxi- 
mately 10 times the maximum sub- 
sidence in the peripheral zone. The 
considerable variations in sea level 
curves shown in Figure 5 arise from 
this mechanism of rebound, which 
for most of the coastlines of North 
America is the dominant ccjse of 
variations in apparent sea level trends 
I EairhriJge and Newman, 1968, Wal- 
cott, |972i;, 6). 

Fluctuations in Holocene 
Sea Level 

Detailed, carefully controlled stud- 
ies of Late Quaternary sections on 


the coast in many regions show evi- 
dence of successive transgressions 
and sometimes regression of sea level, 
which have been interpreted as oscil- 
lations in eustatic sea level. Typic- 
ally, the oscillations have amplitudes 
of 1-4 m and half-period of 
200 500 yr. These observations are 
important, because if such oscilla- 
tions exist, they occur in a time 
range and amplitude of significance, 
indeed of concern, to man. Morner 
[1969] for instance identifies a num- 
ber of sea level transgressions in the 
Kattegatt Sea that have been well 
dated and mapped. The inferred eus- 
tatic sea level (but refer to the sec- 
tion on analysis earlier) is shown in 
Figure 9. The only strong control, 
however, is at the maximum of the 
transgressions- the depth of the re- 
gressions between is based on a vari- 
ety of information of unstated preci- 
sion. Recently Ten |19731 has 
interpreted some 175 radiocarbon 
dated specimens from the coastline 
of northwestern France, and she 
gives a sea level curve shown also in 
Figure 9. The classic work on oscilla- 
tions is that of [-'airbridge (19611 
based on worldwide radiocarbon data 
available at that time (Figure 9). All 
these curves show oscillations of con- 
siderable amplitude with some cor- 
relation but also show shifts- 
significant with, regard to the stated 
precision of their data-in phase and 
amplitude from one to the other. 
These curves contrast with Blake's 
Cape Storm record [Blake 1970, Fig- 
ure 4, 19731, which is very precisely 
determined, with closely spaced data 



Mg. V. 1hree eustatic sea level curves for 
the Holocene showing tluctuatloni in level. 
Note the Uiscordunce In amplitude and 
phase. Muctuations in world glacleri {Oeti- 
ton and Karlen, 1973) shown at hotttmi of 
diagram. In this diagram amplitude is 
poorly determined but phase is well de- 
termined. 


in the period 3000-8000 yr B.P., 
these data points do not depart from 
a smooth curve by more than 2 m, I 
m being usual. Long-term oscillations 
with amplitudes exceeding 2 m there- 
fore do not appear to be a global 
phenomenon, and the oscillations, al- 
though real, may not be eustatic, as 
was claimed by both Ters and Fair- 
bridge. Indeed, the differences in 
phase and amplitude alone suggest 
that the curves are dominated by 
local effects, as was previously sug- 
gested by Cur ray and Shepard 
(1972). Even the correlations be- 
tween the curves of Ters and Morner 
are insufficient to demonstrate eus- 
tasy-it is one thing to demonstrate a 
regional coherence in northern 
Europe and quite another to demon- 
strate a global coherence. 

Causes of the Fluctuations 
in Sea Level 

Because of the large volumes of ice 
still in existence in Antarctica and 
Greenland and in mountain glaciers, 
it has been suggested that lesser ap- 
parent eustatic changes of the Holo- 
cene- the last 6000 years- are, like 
those of the Pleistocene, produced 
by changes in the ice volume. A 1-m 
change in sea level, for instance, is 
equivalent to a change of 23 m of ice 
spread uniformly over Antarctica, 
and at first sight this seems insigni- 
ficant. However, as Bloom [19711 
has pointed out, the p’-oblem is not 
this simple, since most of the ice 
change occurs at the edge of the 
sheet. 

Paterson (19721 has given the well- 
established empirical relationship for 
an ice sheet 

Log,o K= 1.23 (Log.o (5- 1)1 

where S is area and V is volume. 
Flence dV/V = 1.23 dS/S, and for a 
circular ice sheet, S = ttr^ , so that Ar 
= rAV/2AbV. 

One meter of water of the oceans is 
equivalent to 0.402 X 10* kni’ of 
ice, the present volume of the Ant- 
arctic ice sheet is 30.4 X 10* knv’, 
and r is about 2000 km. Iherefore 
Ar * 10.6 km. 1 hus, to effect a 
change in water levels over the 
oceans of I in from Antarctic 
sources, we require a change in the 
ice margin of on average 10.6 km. As 
lor a change in the volume of Antarc- 


tic ice, both an increase [Hollin, 
19701 and a decrease [Hughes, 
19731 have been proposed. The 
former is based on a variety of evi- 
dence that supports either an in- 
crease or no change in ice volume in 
the last few thousand years, the lat- 
ter is largely based on a supposed 
eustatic rise in sea level in the Holo- 
cene and therefore for our purposes 
is a circular argument. The question 
is whether an average retreat and ad- 
vance of some 20-30 km all around 
the Antarctic ice sheet within the last 
6000 years could be detected. No 
conclusive answer appears to be avail- 
able at the present time, since most 
of the margin is difficult to examine. 
Some parts, however, would be ex- 
pected to respond to small changes in 
ice thickness considerably in excess 
of the average response the Mc- 
Murdo Dry Valleys are a case in 
point- and these do not show large 
Holocene fluctuations [Hollin, 
19701. Greenland being very much 
smaller than Antarctica requires fluc- 
tuations of the ice margin in excess 
of 100 km on average to produce a 
l-m change in sea level, and Ten 
Brink (19741 lists many radiocarbon 
dates only about 20 km from the 
present ice edge that are 6000 yr old. 

Mountain glaciers of Asia, Europe, 
and North America show large fluc- 
tuations, but their combined volume 
cannot explain 1 m or more changes 
m sea level during the Holocene. 
They cover about 0.23 X 10* km^ in 
area | Thorarinsson, 1 9401 . and if we 
use Paterson’s relationship as a guide 
to the upper limit, are equal to 0.5 X 
10* km^ of ice or less. If this volume 
of ice were to melt completely, (he 
nse in sea level would be about 60 
cm. In good supporting agreement, 
according to Flint ( 1 97 1 , Table 4E 1 , 
all ice today other than the Antarctic 
and Greenland Ice sheets would, il 
melted, produce a rise of 50 cm, and 
even at their maximum during the 
last glacial age, would have been 
equivalent to only 3 m in sea level. 
Denton and Karlen (19731 show 
that changes in these glaciers during 
the Holocene were broadly synchro- 
nous and identify three advances and 
retreats relative to their present posi- 
tion dunng the Holocene. However, 
these changes do not show a system- 
atic relationship with the phase ol 
sea level curves (Figure 9), Thus 
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there is a problem in the ice volume 
hypothesis for Holocene sea level 
changes -there does not appear to be 
any evidence of the large synchro- 
nous fluctuations in ice sheets and 
glaciers that would be expected if the 
proposed oscillations are eustatic. 

Of course, fluctuations in sea level 
may be apparent only, and it may be 
the ground that is moving. Faure and 
Hehrard (19731, for instance, iden- 
tify apparent sea level movements in 
the Holocene of Senegal and Mauri- 
tania as being noneustatic and sug- 
gest ground movements and g'.oid 
changes among possible causes. Fluc- 
tuating ground movements, indepen- 
dent of the movements of s<.a level, 
may exist in the nonseismir regions, 
hut their mechanism is obscure, and 
to be more than ad hoc suggestions, 
some critical data and analyses are 
needed. These do not seem to be 
available yet. In seism.c and volcanic 
regions, fluctuations of large ampU- 
tude are known, but generally the 
lateral extent of the fluctuations is of 
the order of tens rather than hun- 
dreds of kilometers. Fleming ( 1969) , 
however, has described some exten- 
sive patterns of movements of the 
ground in the Western Mediterranean, 
and these appear to be closely related 
to seismicity and current orogeny. 

Climatological causes for variations 
in water level are important and are 
underrated in the current hterature. 
.Storm surges, although short-lived, 
produce very dramatic and geomor- 
phologically important effects on the 
coastline. It is dunng the surge and 
accompanying storm waves that most 
of the erosion of cliffs is effected, 
and the beaches and coastal forms 
produced under the influence of the 
normal swell and muted weather con- 
ditions are changed and destroyed. 
On a time scale of a few tens of 
years, surges are transient phenom- 
ena and their effect can be isolated. 
But in geological time, over periods 
of a thousand years or more, it is not 
the effects of individual surges that 
are important ir the record but the 
sujierimposed effects of tens or even 
hundreds of surges. Moreover, 
changes in the frequency of storm- 
induced surges may be very impor- 
tant for understanding some sea level 
records. Brooks (1970) has listed the 
number of storms in Europe for the 
last 1000 years in 50-yr periods and 
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shows that variations of from 13 to 
more than 60 storms have occurred. 
Dunng the whole of the Holocene 
even greater vanations could recur at 
longer periodicites. It would be ex- 
pected that variations in the geologi- 
cal record of those centuries that are 
distinguished by repeated storm 
s-arges, the effects of which are piled 
one on top of the other, can be sep- 
arated from centuries of compara- 
tively quiet stable conditions. Such 
variation in weather conditions could 
be as extensive as the effects of a 
surge-a thousand kilometers or so. 
The surprising fact is that these vari- 
ations have not been identified as 
such in the record of the Holocene, 
although they should occur. Whether 
this is because the effects are over- 
looked or identified as something 
else, like a eustatic change, requires 
the critical appraisal of field geolo- 
gists. 

An ice-melting origin cannot be ex- 
cluded for the proposed small eu- 
static changes in sea level given earli- 
er on the basis of tide gage records. 
Direct monitoring of Antarctic ice 
margins is inadequate, and one other, 
rather esoteric, line of evidence is in- 
conclusive. Munk and Macdonald 
(I960, equation 11.11.131 show 
that a change in sea level from Ant- 
arctic and Greenland ice causes iner- 
tial changes that result in a shift of 
the pole and change in the rate of 
rotation of the earth. The 10-cm 
change between 1905 and 1955 in 
the eustatic curve of Fairhndge and 
Krebs ( I 962] , if it is apportioned to 
Antarctica and Greenland according 
to their areas, will result in a shift of 
the pole 2.5 m along 75°W longitude, 
and the rate of rotation should de- 
CTease by about 1 part in 10*. Ob- 
served secular changes in polar posi- 
tion between 1903 and 1957 
[Markowitz, 1970) are 6 m along 
(70 ± 10)° longitude with a nontidal 
mcrease in the rate of rotation of 
about 50 parts in 10*. Despite the 
change in sign of variation in the 
length of day, the calculated move- 
ments are not inconsistent with the 
observed change.^ considering the 
many other factors that may cause 
changes in the earth’s rotation. It is 
clearly important, however, to estab- 
lish what are the actual changes in 
eustatic sea level and the source of 
the water in order to calculate the 


effect on the earth's rotation in any 
geophysical analysis of the other 
causes of variation in rotation. 

Conclusions 

Trends of sea level over the last few 
thousand years show large variations 
from place to place, not only within 
areas affected bv glacioisostatic re- 
bound, but in islands and along 
coastlines well removed from the 
near effects of rebound. Such varia- 
tion is to be expected, since the 
ground will experience significant 
vertical displacements by the differ- 
ential loading of sea level and ice 
mass changes. Although present 
rheological models of the earth lead 
us to expect a complex variation in 
water level trends, no rheological 
model is adequate at the present time 
to generalir.e the available data, and 
the pattern of worldwide trends in 
water level has not yet been physi- 
cally determined. Instead, it is the 
information of present and past sea 
level irends from critical regions that 
is required for understanding earth 
structure and processes. 

The dominating influences for 
short-term periodic variation in sea 
level are tidal and meteorological, 
and for long-term variation, the de- 
formation of the earth by changes in 
surface loading and ch-*pgf-s in the 
climate. In the Great Lakes the prin- 
cipal influence is climatic, variation 
in rainfall over 20-yr periods being 
the most important. 

Oscillations in sea level of some 
few meters have been identified in 
several regions, but the belief by 
many writers that these are eustatic 
changes related to variable ice vol- 
umes is unproven. Indeed, there are 
considerable difficulties and some 
negative evidence against both hy- 
potheses. The phases and amplitudes 
of several of the identified curves dif- 
fer, and they also differ from iden- 
tified fluctuations in glacial advance 
and retreat. The possibility that these 
oscillations, if correctly identified, 
are regional and not worldwide 
phenomena must be seriously consid- 
ered. 

Two alternative suggestions are put 
forward. Sea level fluctuations may 
indicate oscillating ground motion in 
otherwise tectonically stable 
regions-at best an ad hoc hypoth- 
esis or they may indicate local cli- 
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mat 1C control of sea level. The 
cumulative erosional effects of storm 
surges durini periods of unsettled 
weather may cause identifiable dil- 
ferences in apparent sea level from 
periods of stable weather. 

It is these transient variations in 
water level such as North Sea storm 
or Gulf coast hurricane surges that 
are the most important variations in 
social terms; they may also be much 
more important in the geological re- 
cord than was previously realized. 
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GEOP 

Research 

Conference 

Report 


T HK SI'VI NTH GKOP (Geodesy/ 
Karth and Ocean Physics) Research 
Conference, on Coastal Problems Related 
to Water Level, was held June 6-7, 1974, 
at the Ohio State University and was at- 
tended by 64 persons. On behalf of the 
G!;OP Steering Committee the conference 
Was opened by Hyman Orlin (National 
(X-eanic and Atmospheric Administration/ 
National Ocean Survey), program chair- 
man, who, in his introductory remarks, 
brought out the fact that a rational coastal 
/one management must be based on an 
adequate knowledge of the environment 
and the natural processes active in altering 
this environment. Knviwiedge of the envi- 
ronment involves data gathering and data 
presentation; knowledge of environmental 
processes involves an analysis of recent 
and historic data. This latter infonnation 
leads to a model for forecasting the future 
state of the environment, which is the cot 
nerstone of coastal zone management. 

Either the future state of the environ- 
ment plelMs us. in which case we do 
nothing-a do-nothing policy that at least 
is based on facts-or some attempt is made 
to mcxleratc those processes that we feel 
will lead to abhorrent results. Orlin also 
mentioned that it is superfluous to slate 
that the most pervasive natural force in 
the coastal zone is that due to water, and 
the most pervasive unnatural force is lhal 
due to man. Thus the aim of the Seventh 
Geodesy/Earlh and Ocean Physics Coiiler- 
ence is to examine those characteristics of 
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change that may have a deleterious effect 
on coastal and lake regions. Hence the 
uinference has been organized to present 
(I) problems in specific areas, (2) discus- 
sions of the hydrological and geological 
effects of water action in coastal areas, 
and (3) a presentation of those problems 
related to large lake regions. 

The panel presentations were preceded 
by the keynote address, delivered by R I. 
WalcoM (Department of ICnergy, Mines 
and Resources, Ottawa). The lecture in its 
entirety is printed us an article in this 
issue. 

First Sessiort 

MahQKement Problems Related to 
Oian/te in Rlevatinn 

Chairman: Pliny Gale, (Turner, Collie 
and Braden, Inc., Houston) 

Members: Billy Jim Garrett (Corps of E n- 
gineers. New Orleans), Hugh Dolan 
(Department of Commerce, Washington, 
D.C.), Donald C. Steinwert (Department 
of Water Resources, Sacramento. Cali- 
fornia), Michele Caputo (University of 
Bol-igna) 

ITie chairman, in introducing the panel 
subject, pointed out that all levels of man- 
agement in nearly every Held of endeavor 
were concerned with the elfects of sub- 
tadence in those geographic areas where it 
occurs in significant amounts. Recognizing 
that It exists is a prime requirement. Mea- 
suring and monitoring the changes caused 
by it are preliminary to studying the ef- 
fects from subsidence. These lead into the 
steps of generating plans and designs to 


L-opc With It and then prottrams of either 
instituting corrective action to offset con- 
tinuance of the effects from subsidence or 
living with the effects. 

rite panel members reviewed projects 
that related to the effects of changing ele- 
vations in their respective local or profes- 
sional areas. I’. Gale described one 
program undertaken by the City of Hous- 
ton in Its efforts to combat the subsidence 
in its region. Phe specific program used as 
the esample is a comprehensive water 
supply and distribution system study. A 
local consulting engineering firm that has 
tven involved with the city in developing 
many long-range plans was employed and 
produced the results in a series of reports. 

The actual numerical content of the 
Houston reports was not the accented 
theme for the panel pre.icntalion, but 
rather the elements of the study and the 
systematic pursuance of all factors intlu- 
encing the subject were discussed, (ieo- 
logy, population trends and predictions, 
aquifer locations and sections, withdrawal 
ol groundwater and its relationship to sub- 
sidence, pumping stations, treatment 
plants, distribution svstems, and new 
ssiurces of surface water supply were dealt 
with in depth. 

As a result of this study and active local 
interest, constructive stejis have been insti- 
tuted to reduce and hopefully to halt con- 
tinued subsidence through the reduction 
of groundwater withdrawal. A definite 
relationship has been established between 
the two. It is believed the proposed plan 
will reduce subsidence and provide an 
adi’quate water supply to accommodate 
projected grow th requirements. The popu- 
lation of the study area is esnected to be 
•1.3 million by the year 2000, and the cost 
to the city is estimated to be ol the order 
of S800 million. 

H.J. Garrett explained how southern 
l.otiisiana has Iwen seriously affected by 
changes in land surlace elevations. Asa re- 
sult of the great Hood of 1927, the ll.S. 
Congress enacted the flood Control Act 
of 1928. Under this act and subsequent 
amendments the U.S. Army Corps of f.ngi- 
ncers began development of the flood 
cxintrol plan for the lower Mis.sissippi 
Rivet and tributaries. The plan authorized 
by the flood Control Act provides for the 
control of the nia.\imum probable fli«id 
that may occur in the lower Mississippi 
valley. The Mississippi River watershed is 
the largest drainage basin in the United 
Slates, and the maximum probable flood 
at the latitude of Old River has been deter- 
mined under project conditions to be 
100,0(10 m’/s. This flood flow is to be 
routed to the sea by passing ‘/t. or ,S0,(MI0 
ni’/s, through the Alchalalaya basin 
tloodway . 

I he Alchalalaya Rivet is not a nver but 
a distributary for the Red and Mississii>pi 
Rivers. About 500 years ago an enlarged 
loop in the Mississippi River meandered 
westward and captured the Red Rivet in 
the vicinity of liirnbull Island. The 
meander loop, one arm of which is now 
known as Old River, cut into ,in ancient 
channel of the Mississippi River. The flood 


I 


waters ot the Red and Mississippi entered 
this new outlet and began excavating the 
old waterway to form the present Atchafa- 
bya River. The upper end of the channel 
soon filled with debris, forming an im- 
penetrable raft of logs that continued to 
grow until Henry Shreve, in 1831, isolated 
die Atchafalaya from the Mississippi by 
means of a cutoff at the narrow neck of 
the Old River loop. Tlie raft, cut off from 
its major source of debris, ceased to grow. 
Various groups made unsuccesstui at- 
tempts to clear the nver for navigation be- 
tween 1839 and 1855. Upon removal of 
the raft in 1855 by the State ol Louisiana, 
iJie river enlarged its channel, threatening 
capture of the Mississippi by 1875. Annual 
flooding brougltt ever increasing los.ses of 
land and capital to the farmers of the 
basin until the area was abandoned in Ihe 
early 1880’s. 

Changes in land surface elevation in the 
tliMidway are caused mainly by sediment 
reaching the lower basin and dejrosiling 
therein. As more flow was, and is, routed 
into the tloodway, more deposition oc- 
curs. Tliis increased sedimentation in the 
tloodway changes the flood-carrying ca- 
pacity ol the floodway, which in turn 
neurssitates modiTicalion of the levee 
systems and other flood protection works. 
The rapid icceleralion of flow and sedi- 
mentalicn in the lower floodway is attrib- 
uled to channel enlargement in the upper 
basin and the transport to the lower basin 
of sediments that would normally have 
been deposited in the middle basin. Pie 
average annual suspended sediment trans- 
ported into the basin is about 72 million 
m’/yr. However, during the flood of 1973 
It was estimated that 290 million m’ 
entered the floodway, of which approxi- 
mately 200 million m’ were deposited in 
Uie floodway. On an average annual basis, 
about 26 tnillion m’ are deposited within 
the tloodway. Within the floodway sys- 
tem, settlement through compaction is 
found in the progressive sinking of the east 
and west protection levees. However, re- 
gional subsidence within the project area, 
as reported by Gagluno and Van Heck in 
1970, through radio carbon dating of 
biined organic deposits indicates that sub- 
sidence within the floodway vanes from 
10 cm/cenlury to 15 cm/century since sea 
level reached its present stand about 4300 
years ago. 

The mgjor management problem associ- 
ated with changes in surface elevation, is 
not related directly to subsidence, but to 
accretions. However, subsidence (regional 
subsidence) does affect the water-surface- 
gaging network in the floodway. The prob- 
lem relates to the application of the ad- 
justment: should the adjustment be 

jirorated over the time interval Irom last 
adjustment, or should the application of 
adjustment begin with the next scries of 
data with no adjustment for previous 
years? 

In discussing the legal and jurisdictional 
aspects of coastal boundary determma- 
tions, II. Dolan carried forward a develop- 
ment of the various conditions met with in 
attempting to set uniform laws for describ- 


I r 


ing the land-sea demaikation. Ilie Law ot 
Tederal Tidal Boundaries in the finned 
States, though derived from 1 iiglish Law, 
is principally c.xpres.scd in a line ol Su- 
preme Court decisions beginning with 
Borax versus U.S. m 1935, which adopted 
the lidally observed ‘mean high water' as 
the boundary. The Submerged lands Act 
gave the stales rights in the 3-milc territo- 
rial sea, the limits of which arc ascertained 
under the criteria of Tlic liileriialional 
Convention of the Territorial Sea and the 
Contiguous /one by using the methodol- 
ogy developed by the National Ocean Sur- 
vey. Most of the coastal stales are still 
litigating the extent of then seawaid 
boundaries. I’rograms of a number of fed- 
eral agencies including the fi.S. Army 
Corps of I ngineers, Department ol Hous- 
ing and flrbaii Development, U.S. Geolog- 
ical Survey, Bureau of Land Man,igenient, 
and I nvironmcnial I’rolection Agency 
utilize tidal deteiniinatioiis. 

Stale laws generally reler to high water 
or low water as the line dividing owiier- 
sliip. however, many laws pertaining to 
seashore and wetlands developineiil have 
been enacted rucenlly that utilize other 
cTiteria. Ihese are compiled and discussed 
in Tvihmtal Miport 20 ol the University 
of Micliig.in Sea Grant Trogram. Delimita- 
tion under these criteria ollen preseiiis 
difticult survt s problems, flic rccentlv 
enacted f loMd.i Coastal Mapping Act of 
1974 is a Mgiiificani model ot baseline 
legislation on coastal boundary dcteiimna- 
lions. Hie authors. Prolessors Maloney 
and Aiisness, will publish a detailed analy- 
sis and expl.ination in the I all-Winter issue 
ol the flniversily ol Norih Carolina law 
Hfvu w. I he law has long lecognized the 
sea-land intersection as a most signiftcaiit 
Ixiuiidary. Better uiiderstandiiig ol llie 
natural and man-made eftects on land and 
water level movements as well as their 
measurement is esseniial lo the develop- 
ment and articulation of legal iioims llial 
will govern properly rights in the iiear- 
sliore coastal areas. 

A major ecnslruction project described 
by D.C .Sleinwerl the Calitornia aque- 
duct, which supplies a great portion of 
munici|)al water used by Los Angeles had 
10 cope with the signiricaiice of vertical 
movement in design, construclior., and 
operation ol the system. 11ns project ex- 
tends from areas of surplus water in the 
Sacramento valley lo its terminus at Perris 
a'scrvoii in southern California, a distance 
of some 885 km. Ilie keystone lo the pro- 
ject is the Oroville dam facility, a multi- 
purpose recreational, flood control, con- 
servation, and power generation project. 
Iliis 235-m-high dam impounds iij) lo 4.3 
billion in' ot water, with a surlace area of 
about (i5 km’, and incorporates an under- 
ground powerhouse. 

I hrough a complex system ol stretches 
ol naluial river, Humes, pipes, lilt stations, 
lorebays, and reservoirs, the water is con- 
veyed through many lyjies of terrain. Irom 
iMiiiarid desertlike to toresled land, Irom 
valleys to mountains, and tlnally through 
so ne 55 km of buried pipeline into the 
Peris reservoir. The size of many of the 
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conveyance facilities is without precedent; 
pumps and generators were specially de- 
signed, and the logistics of scheduling and 
cxinstructing a S 2-billion project extending 
over HflO km required completion within a 
time frame of about 12 yr. In addition to 
engineering problems related to the unique 
size of the facilities, very serious problems 
were associated with vertical movements 
that could be brought about by ground 
subsidence and by California’s ever- 
menacing earthquakes. 

Land subsidence in the San Joaquin 
valley was first noted in the midtwenties. 
Although the magnitude of the problem 
continued to increase during the next 40 
years, very little was understood about it. 
Surveys conducted during the forties and 
early fifties, by the U.S. Coast and Geo- 
detic Survey and others, disclosed major 
areas of subsidence in the valley, and on 
the basis of data obtained, it was deter- 
mined that in some areas the ground sur- 
face h.id subsided as much as 2 and 2.5 m 
just during the period of the surseys. On 
the basis ol 1970 surveys and data from 
192fi it was lound that subsidence of as 
much as 7 m had occurred during that 
period in the area of the canal alignment. 
IX-creasing groundwater levels in the valley 
and correlated records extending as far 
txick as the early 1900's appeared to have 
a relationship to the subsidence. Ground- 
water data obtained in 1905 show that 
llowing artesian wells were common in the 
easterly half of the valley; by 1952 the 
piezomelric levels of w ater in the confined 
/.one had decreased as much as JO 100 m 
ni various areas. The levels of water in the 
upper, uncontlned /one had noi changed 
greatly during the same period. 

In 1954, as the stale and federal govern- 
ments moved into more detailed planning 
for the project, through the results of their 
studies and others, it was established con- 
clusively that the major deep subsidence 
occuiring in the San Joaquin valley, is 
directly related to water level decline in 
tile confined zone, and that it slows down 
or ceases in response to water level re- 
cxrvery. With this information, it was 
necessiiry to determine the probable time 
elements between start of construction 
and deliveries of surface supplies of water 
to replace the water being ext. acted from 
the deep, confined zone by pumping. 

Kcxrnomic studies of alternate align- 
ments, including full consideration of 
future modifications and maintenance that 
might required because of continuing 
or residuid subsidence, resulted in the 
selection of the present alignment. This 
alignment includes reaches of canal with as 
much as 2 m of extra lined freeboard and 
siructures that could be jacked to higher 
levels to compensate lor the expected suh- 
sidciKc. 

It was rccogni/ed that additional nioilili- 
c.ilions w’oiild be re(|iiired il subsidence 
exceeded expected amounts. Such modifi- 
cation woik included adding extra lined 
Ireeboard. In establishing survey controls 
'or construction m this area in the early 
I960's. the controls were ‘Iro/en’ as they 
were established beeause the ground sur- 


face was subsiding so rapidly. As of 
January 1971, deep subsidence of as much 
as 1.8 m had occurred since the original 
frozen surveys. Bridges in the subsidence 
areas were designed to permit limited ver- 
tical adjustment by jacking up to 50 cm or 
so. However, the subsidence at some ot 
the bridge locations exceeded the jacking 
limit, and major m'.voitications have been 
required. These are typical of the deep 
subsidence problerns management contin- 
ues to cope with in these areas. 

In addition to the deep subsidence 
problem, which is compaction of materials 
in the confined v'atcr zone, management 
was faced with an equally if not poten- 
tially more damaging subsidence phenom- 
enon known as shallow subsidence. The 
streams that drain from the westerly 
slopes of the lower San Joaquin valley are 
i,ormally dry in the summer and are very 
often dry in winter. Rainfall, though inlrc- 
quent, usually comes in high-intensity 
storms lasting only a few hours. Normally, 
a large part of the annual rainfall occurs in 
several of these xhort-duration storms. Pie 
alluvul fans formed by the fine-grained 
soils carried from these watersheds are of 
low density but have a very high sliear 
strength. Wlicn sufficient quantities of 
water are applied to these soils, the chem- 
ical and physical bond diminishes, and a 
volume decrease results. The downard sur- 
face displacement resulting from the 
cximpaclion of the underlying lownlensily 
viils, is defined as shallow land subsidence. 

As with the deep subsidence problems, 
studies of alternate alignments determined 
that bypassing the shallow land subsidence 
areas was not feasible. However, the net 
result of construction without treatment 
would be excessive maintenance and 
operational costs and intermittent disrup- 
tion of water deliveries. In 1957 the state 
embarked on an intensified twophasc 
investigation of this particular problem. 
Phase 1 consisted of a drilling program 
along the proposed alignment to establish 
the locations and depths of the low- 
-density soils; the phase 2 objective was lo 
establish various icsl sites and lo deter- 
mine the most eficclive method of pre- 
conipacting the unstable soils. 

On the basis of lest site studies and the 
aitcria developed during the Icsl program, 
7 major reaches of the canal alignment in 
the lower part of the valley were identified 
xs areas of potential shallow subsidence. 
Initial canal excavation and consolii' non 
ponding had lo be done before permanent 
slruciural work eould start. Although the 
maintenance required since construction 
has generally been limited lo repair of 
cTacking In the canal lining, surveillance 
must be constant to delect problems as 
they develop. 

Calilornia is laced with known active 
earthquake laiills. ( onsltiiclion ol a watei 
system .is long as the ('aliloinia aipiediicl 
would not be eionomically leasibic liiiul 
very likely would not even Iw possible) 
wilhoiil uossing viine ol these laiills. 
Alignments of tunnels such as the leha- 
chapi crossing, which intercepts the G.ir- 
lock fault, were designed lo daylight be- 


tween tunnels at the fault cTossing. In 
event of any movement along the fault, 
access to the damaged aqueduct would be 
readily available. Attempts were made to 
avoid the faults, particularly the San 
Andreas fault, but they still had to be 
cTossed several times, usually in pipeline. 
The objectives of these crossings were to 
minimize potential damage to the system 
and lo downstream properties iu event 
ot movement along the fault. 

Also faced with the problems of con- 
tinued subsidence is the city of Venice, 
Italy. M. Capulo presented historical data, 
photographs, and charts that confirmed 
the constant encroachment of the sea 
upon the city due to sinking of th* land 
mass. Tor use in estimating the future rate 
of subsidence, infjrmation has been 
sought to cover the longest period of time 
possible, and both historical and archeo- 
logical data have been collected and 
analyzed. Since the secular sinking of the 
city and the frequency of the ‘acqua alta' 
depend on the .elalive height of the 
ground level with resjiecl lo the mean sea 
level (tnsi), attention was focused on their 
relative variation of level. Tins variation is 
the sum of two components: the variation 
of height relative lo a point fixed with 
respect to the center ol mass ol the earth 
and the eustatic variation of msl. l-or a 
point on the coast the mareograph gives 
directly the variation of the height with 
respect to msl; for the same point the vari- 
ation of height with respect to a fixed 
point can be measured by spirit leveling, 
nius the secular variations ol msl were ob- 
tained with the mareographs, with the 
elastic response of the earth taken Into 
account. 

To survey the msl variations, the major 
contributions come from geology and ge- 
ography, 'vl.ich indicate vanatlons with 
IK-riods of 10’ 10* yr and amplitude of 2 

X 10* cm; there are also variations with 
higher frequency that are ol interest. 
M.iny archeological nionumenls located at 
sc-a level on the Tyrrhenian Sea have been 
dated precisely, and their present eleva- 
tions a'.iove the present msl have been 
accurately measured. Assuming the heights 
of these monuments with respect to sea 
level to be a linear function of time, a 
linear regression hxs been made lo repre- 
sent the variation of sea level from 600 
H.G. lo A. I). 100; in that lime interval the 
rise would have been about 1 .7 mm/yr. 

Since the end of the nineteenth century, 
data are available from the mareographs of 
Trieste, Genova, and Marsi-ille, which are 
located on terrains that seem stable. Ttie 
correlation of the data in the various 
places Is greater than 0.85. These data sug- 
gest a msl rise of 1.5 mm/yr in the interval 
1896 1970. 

Ilie correlation coellicienis of all the 
mareographs in the Mediterranean .Sea are 
nearly I, their spectral com|>onenls, al- 
though some are below the 95'f coiitl 
deuce level, are common lo all ol them. In 
the I agooii ol Venice, lout mareogiaphs 
supplied data for a lime Interval 'ong 
enough to allow a dependable analysis. To 
sec the local effects, one can suhtrael Irom 





1.31 


tlic data of each mareograph the corres- 
ponding data of a mareograph of an area 
presumably not affected by subsidence. In 
all 4 mareographs the analysis of data 
shows no correlation for the data between 
1896 and about 1926; from 1926 to 1967 
a linear regression shows that in this inter- 
val of time there is an average subsidence 
of 2.8 mm/yr in the lagoon and the city. 
Repeated leveltngs in the region of the Po 
River mouth and analysis of another 
mareograph in the south of the Po River 
show that the phenomenon of the subsid- 
ence e.Mends to a 200-km arc of coast 
mcluding Venice. 

From the first results of a study under 
way there seems to be no correlation be- 
tween the rate of subsidence and the most 
obvious geological features .such as the bed 
of the Pliocene. 

Hie high-frequency variation of the msl 
makes it difficult to determine with ac- 
curacy the subsidence in a short interval of 
time. Geometric leveling can give a de- 
scription of the subsidence with high ac- 
curacy. say, with a propagation error of 
I..S X mm (D is the distance in kilom- 
eters). Obviously, both data are needed. 

The many spirit levelings that have been 
perfonned in Venice and its hinterland 
since the beginning of the century indicate 
that the ground was stable, within observa- 
tional errors, until 1952; from 1952 to 
1970 there was a subsidence of 5 7 
mm/yr. The subsidence begins 30 km 
north of Venice and reaches a maximum 
in Mestre, 5 km north ol v'enice. 

The results from the great number of 
loops of leveling that cover the historic 
center of Venice were presented It was 
concluded that in general the msl seems to 
have risen with respect to the historic cen- 
ter and the lagoon about 4 mm/yr in the 
last 40 yr. although at some points the 
rale is much higher. In 50 yr more, as- 
suming that this rate remains constant, the 
msl would rise so much that in many parts 
of the historic center almost every high 
tide would become an ‘acqua alia,' which 
would make life impossible and endanger 
the safety of most buildings. As to the 
causes of the subsidence in the historic 
amler and the Lido, there is a correlation 
between the areas of higher rale of subsid- 
ence and the areas where the soil has been 
subjected to recent loading, e.g., new 
buildings and soil refills. Another correla- 
tion seems to occur within the areas w here 
there has been strong pumping of water 
from the ground, which is common to 
most subsiding areas in the Po River 
valley , 

.Second Scs.sion 

UrdroUtfii- h'Jfet ls 
on l.'li'iations and Short'linf 

Chairman: J.l , Poland (U..S. (Jeologual 

Survey 

Members R A. Hall/.er (II, S. (ieologual 
Siiive> ), (’ Hull (Ohio Stale llmversily ), 
V Myers iNalloiial Weather Service/ 
National Oceanic and Atmospheric Ad- 
nimistrallon). ( I. Ihurlow (National 


Ocean Survey/National Oceanic and 

Atmospheric Administration), S. Young 

(National Ocean Survey/National 

Oceanic and Atmospheric Administra- 
tion) 

In his introductory remarks, J.F. Poland 
commented that hydrologic effects that 
represent a significant increase from the 
'normal' water depth at the coast can be 
caused either by sinking of the land sur- 
face or by a rise of the sea. 

In a discussion of land subsidence due to 
tiuid withdrawal, Poland pointed out that 
many areas of such subsidence occur in 
coastal lowlands, whether the cause is 
groundwater overdraft or removal of fluids 
from oil and gas fields. In Japan, man- 
made subsidence has been reported in 3 1 
separate areas, of which all but one lie on 
the coitst. In most of these areas the sub- 
sidence is due to fiuid withdrawal, decline 
of artesiai' head, and compaction of 
unconsolidated fine-grained beds resulting 
from the increase in effective stress on the 
aquifer systems. 

Ilie most serious environmental subsid- 
ence problem in Japan and probably in the 
world is the prolonged and continuing sub- 
sidence in eastern Tokyo, bordering 
Tokyo Bay. The artesian head in confined 
aquifers, initially above sea level, had de- 
clined to 60 m below by 1967 because of 
excessive groundwater draft. As a result ol 
the subsidence (4.2-m maximum), 80 km’ 
of land where 2 million people live had 
willed below mean high-lide level by 
1969. The lowest ground is about 2.5 m 
below msl. Despite the protecHve and re- 
medial measures taken, the danger of 
major and disastrous Hooding due to 
typhoons, or of failure ol dikes, water 
gales, or drain pumps brought about by a 
violent earthquake, such as the great 1923 
earthquake, is ever present. Fven after a 
substitute surface water supply is im- 
ported and groundwater levels recover suf- 
ficiently to stop the subsidence, any re- 
bound of the ground surface will be small 
compared with the subsidence. 

Land subsidence in the Santa Clara 
valley bordering San Francisco Hay was 
first noted in 1933 when bench marks in 
.San Jose established in 1912 were resur- 
veyed by the National Geodetic Survey 
and found to have subsided 1.2 m. F.xces- 
sive groundwater pumping produced an 
overdraft that lowered the artesian head 
about 58 m from 1916 to 1967. In re- 
sponse to the increased effective stress, the 
unconsolidated deposits composing the 
confined aquifer system compacted. The 
resulting subsidence which began about 
1917 had reached 4 m in San Jose and as 
much as 2.5 m in the bay lidelands by 
1969. Remedial measures taken have in- 
cluded extensive construction and raising 
ol levees around the bay and on stream 
ihannels, and the repair or replacement ol 
several hundred water well casings rup- 
tured by the conipaclion of the sediments. 
Ilie import ol surliice water to the subsid- 
ing area produced a dramiillc recovery ol 
.irlesiaii head (21 ml Irom 1967 to 1971 
.IS a result ot reduced groutulwaler punip- 




age and increased recharge. This recovery 
of head essentially stopped the subsidence. 

Subsidence at the Wilmington oil field in 
Los Angeles and Long Beach harbor areas 
was first recognized in 1941. By 1965, It 
had reached 8.8 m at the center. The sub- 
siding area is intensively industrialized and 
much of it initially was only 1,5 to 3 m 
above sea level. The cost ol remedial work 
to maintain structures and equipment in 
operating condition had exceeded tlOO 
million by 1962. Reprcssuring ot oil zones 
by water injection began in 1958. By 
I9ti9, over a million barrels of water per 
day was being injected, and the subsidence 
had been virtually stopped. 

In its field studies of land subsidence, 
the LI.S. Geological Survey has developed 
recording extensometers to measure com- 
paction and expansinn of aquifer systems 
in response to change in stress (change in 
depth to water). Such stress-strain records 
obtained from multiple-aquifer systems in 
subsiding areas indicate that the values of 
tJie compressibility and storage parameters 
are 50 to ItK) times greater when total ap- 
plied stresses are in the virgin range of 
stressing than when they are in the elastic 
rang ', ai cording to Holaiid. 

Hurricane storm tidal inunclulions are a 
serious hazard to life and property along 
the Gull and Atlantic coasts of the United 
Stales; this was recently ilhislraled by 
Hurricane ( aiiiille on the Mississippi coast 
in 1969. The tide exceeded 6 m above msl 
in this storm, according to V Myers. The 
problem is accentuated by the recent and 
prospective increase in population of 
coastal areas. Furthermore, the hazard 
varies from point to point depending on 
the balhyrnelry of the continental shell 
and the climatology of hurricanes 

Myers described a program for evaluat- 
ing this hazard by calculating tide Irequen- 
cies on the coast by a synthetic method, 
from frequencies ol 0.1 to 0.005 yr 1 he 
steps are (1) analyze individual hurricanes 
(since 1900) to establish index values ol 
intensity and size, (2) collect these statis- 
tics into climatological frequency profiles 
along the coast; (3) translate hurricane 
atmospheric climatology to hurricane 
coastal surge climatology by replications 
with a tested hydrodynamic model; and 
(4) combine surge climatology with islro- 
noniical tide probabilities to lorm tide 
frequency probabilities. These lrec|uencies 
axe used for local regulation and guidance 
under the National flood Insurance Act ol 
1968. 

General purpose ma Ihenia l ic al/ 
numerical mixleling systems by which to 
simulate hydrologic and waler-<piality- 
relaled phenomena in water bodies are 
being developed for comprehensive investi- 
gative and resource managemeni purposi's. 
R A. Hallzer described one such modeling 
system that has been developed by the 
U..S Geological Survey lor simiilaling 
hsdiologic and water quality conditions in 
waletways, lakes, eslii.iiles, and coastal 
enibaynienis. One ol the purllciilur models 
used in this system Is a numericid represeii- 
liilion ol the verllcully Integrated, two- 
ilmiensioiial, llme-dependeni set ol partial 
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differential equations for the conservation 
of mass and of momentum. In addition, 
the equation for the mass transport and 
interactions of pollutant/constitucnts is 
employed. With the introduction of the 
appropriate initial and boundary con- 
ditions for a particular prototype water 
body, these equations can be solved by 
using a clearly coupled, finite-difference 
technique, l aetors such as wind shear at 
the surface and Coriolis effect are consid- 
ered in the formulation. 

An investigation of proposed harbor and 
navigational waterway improvements in 
Tampa Bay, Florida, revealed ihat by judi- 
cious placement of dredged materials, cir- 
culation and thus water quality in certain 
portions of the bay could be substantially 
improved, according to HalUer. In addi- 
tion to evaluating the effects of configural 
changes in the bathymetry, the modeling 
system can be used to study the move- 
ment of injected waste constituents, the 
dispersal and dissipation of injected excess 
theif lal energy, the effect of storm surges 
and other unusual wave phenomena, and 
the movement, deposition, resuspension, 
and dispersal of sediment. The mixleling 
system consists of a modular array of com- 
puter programs. These programs edit and 
process prototype initial and boundary 
condition data, set up a particular simula- 
tion, perform the actual mathematical/ 
numerical simulation, analyze the results 
of the simulation, and prepare the output 
film plots. The system is designed to be 
completely general and to have high trans- 
ferability to appropriate prototype water 
bodies. Various two- and three-dimen- 
sional dynamic simulation models can be 
used in the system to carry out the mathe- 
matical/numerical modeling. These models 
can be used to estimate the probable areas 
that would be inundated by tropical 
storms of various recurrence intervals. 

CM. Ihurlow and S. Young discussed 
tidal observations, with emphasis on in- 
strumentation and the accuracies of 
measurements. Until the mid-l960's, tide 
data collected by the National Ocean Sur- 
vey were in analog form. Although the 
analog form yields the most satisfactory 
records, restrictions on personnel for the 
tabulation and analysis of the data make 
the continuation of this mode impossible. 
Demands for tidal datums to determine 
boundaries throughout the United States 
are increasing exponentially. In addition, 
the need to obtain measurements where it 
is uneconomical and even unreasonable to 
install a fioat well has made use of a more 
■ample installation mandatory. 

The analog-to-digital tide gage has made 
possible the use of computers for the re- 
duction of data. Although the instrumen- 
tation now on the market needs improve- 
ment , the reduction of data by modern 
methods is po.ssible. The pressure-actuated 
systems have been on the market for some 
time. However, the reliability of the 
measure, relative to that obtained from a 
float gage, has been controversial. A pro- 
gram is now in progress within the Nation- 
al Ocean Survey to operate all types of 
tide gages at the same facility for a suffi- 


cient period to determine the differences, 
if any, in the various systems of measure. 

Some preliminary results are listed here. 
Final values will be made available to the 
public as soon as the comparisons are com- 
pleted, according to Thurlow and Young. 

National Ocean Survey 
Standard Automatic Tide Gage 
Differences between recorded values 
from the tide gage and simultaneous read- 
ings from a tide staff mounted indepen- 
dently of the float well: 

Atlantic City, New Jersey, 1967-1972 
1 month’s mean difference from daily (5 
per week) comparisons: 2.1 t 0.9 cm 
1 year of monthly means 2.0 » 1.1 cm 
6 years of monthly means 3.0 i 2.1 cm 

Analog-to-Digital Recorder 

Differences between recorded values 
from the tide gage and simultaneous read- 
ings from a tide staff mounted indepen- 
dently of the float well: 

Baltimore. Maryland, 1967-1973 
Mean differences for 73 months of data 
involving 1333 staff/gage comparisors: 

1 month’s mean difference 0.6 t .1,3 cm 
73 months’ mean difference 0.6 i m 
First standard deviation 0.6 cm 
Third standard deviation 2.0 cm 
Variance 1.5 cm 

National Ocean Survey Standard 
Automatic Tide Gage Compered 
with Analog-tn-Digital Recorier 

Differences arc between compu ed mean 
sea level and mean tide level value, from I 
year of record. The gages were operate'^ 
simultaneously at the same location for a 
period of 1 year. 

Washington, D.C., 1965 
Mean tide level 0.3 t 0.3 cm 
Mean sea level 0.6 t 0.3 cm 

Gas-Purged Pressure-Recording 
Tide Gage 

Mean differences between hourly water 
level values were recorded simultaneously 
on an analog-to-digital recorder and a gas- 
purged pressure-recording tide gage. 
Washington, D.C., February 1974 
Comparison of 506 hourly heights mean 
difference 0.6 t 1.2 cm 
Computed mean sea level for the 2 gages 
yielded a difference of 0.2 cm 
Note: The float-operated tide gages all 
used 30-cm-diamcter float wells with bot- 
tom-located 2.5-cm-diameter intakes. All 
Boats were 21.6-cm diameter and weighed 
2 kg each. 

The continental ice sheets of Antarctica 
and Greenland contain the greatest poten- 
tial for creating massive worldwide coastal 
problems related to water level. Obviously, 
any marked imbalance could have a pro- 
found effect on the sliorelines of the 
world For this reason, the present status 
of knowledge with respect to the mass bal- 
ance of these two ice sheets was reviewed 
by C. Bull. Of the 1.4 X 10* km* of water 
on the surface of the earth, more than 
97% is in the oceans and only 2% or so 
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exists as snow and ice. About 90% of the 
K.-e (25 or 30 X 10* km’) is in the Antarc- 
tic. and a further 9% (2.6 X 10* km’) is in 
the Greenland ice sheet. The melting of 
this <ce, ignoring isostatic changes, would 
raise sea level by 75-80 m. Obviously, in a 
conference on coastal problems related to 
water level a consideration of the mass bal- 
ance of these two continental ice masses is 
in order. 

For both the Antarctic and Greenland 
ice sheets the estimates of the annual accu- 
mulation of snow and of the annual 
ablation on land now appear to be reason- 
ably reliable, perhaps within 20%. For the 
Antarctic ice sheet and the ice shelves the 
positive annual balance is about 210 X 
10'* g, equivalent to 15.5 i 2.0 g cm ’ . 
For the Greenland ice sheet the annual 
positive balance is about 17 X 10'* g, 
equivalent to about 10 i" cm*. Hossibly 
half of the loss of ice from Greenland, and 
ves) nearly all of the loss from Antarctica, 
IS tn the form of icebergs, and no accurate 
estimates of tiie values ate available. Ilie 
most recent estimate (1971) of the total 
balance of the Antarctic ice sheet is -v42 X 
10' * g yr'' , equivalent to -f3 g cm ’, but 
tlic various estimates of the annual loss of 
ICC, in the form of icebergs from the ice 
sheet, glaciers, and the ice slielves, range 
from 40 X 10'* to about 180 X 10'* g 
yf ' , and no one estimate seems much 
more reliable than the others, llie best we 
can say is that for Antarctica (he mean 
balance is probably -t-3 i 5 g cm ’ yr ' . 

Similar uncertainties exist for the Green- 
land ice sheet. About equal numbers of 
estimates give positive and negative bal- 
ances, and again the main uncertainty is 
with the quantity of ice lost in the form of 
icebergs. F.xperiments now under way and 
propo.scd for the near future in tracking 
individual icebergs and in determining 
total iceberg flux by high-resolution satel- 
lite photography should allow a much 
more accurate assessment of the balance 
o( these continental ice masses within the 
next decade. 

F.ven with accurate estimates of the 
present balance, predictions of future sea 
level must take into account the possibil- 
ity of surges of mgjor parts of the Antarc- 
tic ice sheet, which could raise sea level by 
10 m or so in a period as short as 50 yr, 
according to Bull. 

Third Session 

Geologic Effects 
on Elevations and Shoreline 

Chairman: R.B. Perry (National Oceanic 
and Atmospheric Administration/ 
National Ocean Survey) 

Members M.O. Hayes (liniveriily of 
South Carolina), S.R Holdahl (National 
Oceanic and Atmospheric 
.Admimstration/National Ocean Survey/ 
National Cieodctlc Survey), J.W. Pierce 
(Smithsonian Institution) 

R. Perry introduced the session by 
pointi'.ig out the need for considering ver- 
tical movements in long-range coastal plan- 
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niiig. In U'ctonically active areas such as 
the Gulf of Alaska, it is important that 
there Ik a giKtd warning system for 
tsunamis generated in the vicinity. 

Where it is feasible, housing and other 
structures sliould be located above levels 
where they may be inundated by abrupt 
vertical movements or tsunamis. In areas 
of slow apparent land subsidence relative 
to sea level, there is greater opportunity 
for good planning. Barrier beach housing 
should be elevated and should be built 
back from the surf zone and away from 
inlets that may experience strong currents 
during storm surges. Housing in the wet- 
land areas of coastal bays is very vulnera- 
ble to flooding during major storms. 

Coastal zone planners as well as housing 
developers and planners need better access 
to long-range forecasts of sea level and 
probable maximum storm surge heights. It 
was recommended that more permanent 
tide gages, possibly tied to a re;d-time 
warning network, are needed in heavily 
developed coastal zone areas. 

S. Iloldahl explained the numerical 
methods used in estimating the relative 
and absolute changes of elevation in coast- 
al areas. Long-term records from tide sta- 
tions are combined with periodic precise- 
leveling to estimate relative changes in 
elevations. The Houston area, with rela- 
tively rapid subsidence, should be resur- 
veyed more often than the Chesapeake 
Bay area. The Chesapeake Bay area has 
been covered by a large leveling network 
that shows maximum vertical velocities of 
5 mm/yr in local zones An average eusta- 
tk rise of sea level of 1 1 mm/yr may be 
;Ls.sumed in computing how much of the 
change is due to sea level rise and how 
much to land subsidence. That figure can 
be refined as longer-term data become 
available. 

Coastal zone planning associated with 
barrier island migration was covered by J. 
Pierce. We know a great deal about the 
general worldwide migration of barrier 
islands as sea level rises. In general, materi- 
al is eroded from the seaward side and is 
transported to the landward side of the 
barrier. As this happens the natural llora 
and fauna adjust their positions accord- 
ingly. Man, however, frequently comes to 
grief by regarding the barrier beach as a 
fixed platform. Structures such as light- 
houses and dwellings run into problems 
when they are placed in an area that is 
a-treating owing to erosion. Development 
should be planned for those parts of the 
barrier beach that are stable or accreting. 
I-'xamples were shown of the successful 
and unsuccessful pbeement of structures 
along the North Carolina coast, as well as 
in several other parts of the world. 

The discussion of geological inlormation 
needed tor sound coastal zone planning 
was continued by M. Hayes. Daia are 
needed on (I) coastal type, including 
available sources of sediment; (2) whether 
the coast is erosional. deposlllonul, or neu- 
tral, (3) tectonic stability; and (4) active 
physical processes such us wave con- 
ditions, tidal range, sediment crodability, 
winds, storm frequency, ind surge suscep- 
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tibiliiy. Ideally, these data should be 
collected and monitored well before plan- 
ning recommendations are determined. 
lAamples of problems associated with 
modifications by man were discus.sed. 

A case study of a Massachusetts beach 
developed a number of practical recom- 
mendations to improve stabilization. A 
study now in progress along the South 
Carolina coast is expected to determine 
rates of erosion and deposition that can be 
portrayed on maps for use by planners. 

In the lively discussion that followed it 
was questioned whether waves and severe 
weather are not much more important 
than water level in determining coastal sta- 
bility. It turns out that the ‘signal’ of a 
long-term gradual water change and 
resulting slow coastal migration may be 
obscured by a great deal of ‘noise’ of 
coastal destruction from large storms. 
After natural processes heal the damage 
within a few months or years after the 
storm, one can see more clearly the signifi- 
cance of the long-term changes. Groins 
and othei coastal protection structures 
may influence the short-term noise effects, 
but they do little to alter the long-term 
coastal migration. 

It was pointed out that other measure- 
ments such as water temperature and salin- 
ity should be taken at permanent tide sta- 
tions. Another tomment was that the 
present density of permanent shore tide 
stations probably is adequate, but that 
more water level measurements are needed 
on the continental shelves. 

In the discussion, S. Iloldahl pointed out 
that (1) the use of gravity measurements, 
with measured height differences, allows 
computation of more rigorous heights, but 
(2) simultaneously repeating gravity and 
leveling measurements up to lOOO-km dis- 
tances along leveling lines will not provide 
■agmficantly better estimates of elevation 
changes, and (3) repeated precise gravity 
measurements, by themselves, may give 
better and cheaper estimates of height 
changes between points separated by great 
distances. 

Fourth Se.ssion 

Special Problems 
of the Creat Lakes 

Chairman: (i.C. Dohler (1- nvironment 
Canada, Ottawa) 

Members; F. Blust (NOAA), B. Dc Cooke 
(Corps of Lnpneers), C. Teldscher 
(NOAA), N. Freeman (Imvironment 
Canada. Burlington), M Lewis (Depart- 
ment of Fnergy, Mines and Resources, 
Ottawa). D Foulds (I nvironment Cana- 
da, Toronto) 

I3ie Great Lukes system could Ih- re- 
garded as an extension ol the ocean into 
the North American continent. I’roblems 
of managing, preserving, and muinlulning a 
constant surveillance of this large water 
area requires participation not only by 
those living along Us sliores. but also by 
those living some distance away. To pro- 


vide the necessary information that is 
essential for coastal zone management 
involves the collection of long-time scries 
of water level data. A continuous aware- 
ness of the techniques in providing these 
data as well as their successful application 
requires searching for the theories under- 
lying sliort- and long-term water level 
changes and their impact on mankind. 

F. Blust reviewed the importance of 
charting in the Great Lakes. The present 
topographic and hydrographic data along 
die shores might not be adequate for the 
increasing need ol coastal zone manage- 
ment, and requirement for more detailed 
surveys must be identified. I ow-watcr 
datums have been used for charting, dredg- 
ing, and other marine engineering, how- 
ever, for the determination ol lake-land 
Niundaries. some lurlher delimlions of 
and agreements on datums are rei|uired. 

The long-term variations of lake level 
cTeate a serious problem for the mun;ige- 
iiicnt of the coastal zone When the levels 
are falling, there is a tendency lor shore- 
line development in the lloodplain area, 
and during high-water periods they are 
subiect to erosion, inundation, and even 
demolition. The International Great I akes 
Board has concluded that land use zoning 
and structural sethaik requirements arc a 
possible solution to the problem. Ihc 
development of hydroelectric power is 
very important in the Great I akes. Large 
hydropower plants were constructed at 
Niagara I alls and ('ornwall with a capacity 
ol 44011 and 1700 MW . re.spectively. I-he 
water ol the Great Lakes system is also 
UKd for cooling several large thermal and 
niicleai power plants located along the 
sliore 

B De Cooke explained that the Great 
laikes shoreline extends some IK.OIKl km, 
of which HOOO km are in the I'niled 
Stales, niey range from high blulfs ol clay 
shale and rock, through lower rocky 
shores and sandy beaches, to low, marshy 
clay Hals. Currently, 33‘)i ol the shoreline 
IS in residential use, SlYJt is in agriculture, 
forest and undeveloped land, lO'f is recre- 
ational (public), and TX is used lor 
commercial-indusirial and public building. 

About 345 km of slioreline has critical 
erosion mainly due to Irosi and ice ac tion, 
storms, and change in lake level. Ihc loss 
of land, economic losses, and other consid- 
erations appear to justily protective 
measures, including bulkheads, sea walls, 
revetments, groins, offshore breakwaters 
and beach fills with an approximate cost 
of $130 million (1971 pnees). The Corps 
ol I ngineers has conducted the National 
Shoreline Study authorized by Congress in 
I96S. rile study indicated the pressing 
need lor a coordinated action in planning 
and management of the shorelines, and an 
intensive research for controlling erosion. 

Milch ol the material that the corps 
dredges liom some mipoitaiit haihorsand 
cliaiincis Is coiilaiiilnaled hy pollutants 
liom mimic ipal, imliistiial, and agile ul- 
liiial sources lo eliminate dumping pol 
luted dredging maicrial in the open 'akes. 
it IS necessiirv lo consiriicl conlalncil dlt- 
pos.ll lacilities with lll-yr capacity at har- 
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Jxirs classified as polluted by the Environ- 
mental Protection Ayency. There are 
about 50 harbors in the Great Lakes 
judged to be polluted, and 25 of them arc 
located neat the Detroit area. When public 
lands are used, the government will bear 
75% of the cost of di.sposal facilities con- 
struction, and the balance will be paid by 
nonfedcral interests. 

C. I'eldschcr described the need of water 
level data for mapping of floodplains and 
vertical cTUstal movement. These data are 
obtained from 63 gages now operated by 
the Lake Survey Center and 32 gages oper- 
ated by Environment Canada. All data ate 
refened to the International Great Lakes 
Datum (1955) established by the Coordi- 
nating Committee on Great Lakes Basic 
HydrauUc and Hydrologic Data. The avail- 
ability of long and almost continuous 
water level records, some of them dated 
prior to 1900, makes it possible to deter- 
mine the range of lake level lluctuations 
and the frequency of occurrence of high 
and low levels. G.C. Dohler and R.J.D. 
Mackenzie of Environment Canada, did 
propose a definition of high- and low- 
water datum based on such a frequency of 
occurrence, which could be helpful in 
defining lloodplains. The data have also 
been used extensively to determine the 
relative movements of the water surface 
ss’ith respect to bench marks at different 
gages. Tliis study is done by the Vertical 
Control and Water Level Subcommittee to 
investigate the crustal movement in the 
Great Lakes. 

N. I'reeman presented seiches and other 
oscillation of water levels in the Cireat 
Lakes using the time-dependent spectrum. 
Tliese fluctuations are excited by storms. 
He indicated the serious problem of storm 


surges in Lake Erie, since the water level 
could change by more than 1.5 m in a 
short time, causing shoreline erosion and 
inundation, property damage, and signifi- 
cant material transfers. Statistical 
techniques have been found to facilitate 
the real-time prediction of storm surges 
for issuing warnings to the public. The 
Shoreline Damage Survey was initiated in 
July 1973 with the objective of estab- 
lishing a Coastal Zone Atlas that will in- 
clude eiglit data strips for each l()-km 
reach of shoreline, showing a photomosaic 
of shoreline, historical and recent shore- 
line change, histograms of erosion rates, 
present land use, property values and 
ownership, damage values, physical charac- 
teristics, and existing protective works. 

.M. Lewis explained the origin and devel- 
opment of the Great Lakes and their rela- 
tionship to the configuration of rocks of 
the Prccambrian shield, their tectonic 
movements, and the effects of Tertiary 
drainage and development and Quaternary 
continental glaciation. The lakes bepn life 
as vast pondings of glacial meltwaters 
during final retreat of the last (Wisconsin) 
glaciers from about 15,000 to 10,000 yr 
ago. As the glacier front retreated and ad- 
vanced, various outlets were convered or 
uncovered that allowed the lakes to vary 
enormously in size and elevation. 

About 10,000 yr ago the water levels at 
Lakes Ontario and Elrie were about 80 m 
and 35 m below the present levels. 
Because of postglacial rebound of their 
outlets, the basins were slowly backfilled 
to the present stage. Lakes Huron and 
Michigan were originally 131 m below 
their present level and discharged through 
a depressed lowland to the northeast at 
North Bay, Ontario, into the Ottawa -St. 


Lawrence valley. Differential uplift of this 
outlet raised the lake levels and transferred 
the draiiuge to present outlets. The level 
in Lake Superior was about 30 m above 
present level. It was held back by a 
morainic drain of unconsolidated till. The 
threshold eventually eroded down to bed- 
rock at St, Mary's River and lowered the 
level. The differential uplift (tilting) is still 
proceeding today approximately 6 mm/yr 
aaoss the region. The products from 
erosion will continue to infill the offshore 
lake basins at a rate of about 7.1 mm/yr. 

D. Eoulds showed a movie entitled ‘Not 
Man's to Command' produced by Environ- 
ment Canada. It was made for the general 
public and explains the causes of lake level 
fluctuations, pointing out that these 
changes arc mostly caused by weather and 
not because of man's interference. 'Die 
film stresses that regubtion is a compro- 
mise between conflicting interests of many 
users. Tile problem is not readily solvable 
by simply opening or closing dams because 
of (I) the rights of those downstream who 
would be Hooded. (2) the lime required 
for a How increase to have an apprecuible 
elfect on the bke level, (3) the possibility 
that natural events cun increase the supply 
more rapidly than one could reduce it, and 
(4) inadequacy during drought conditions 
of the natural supply for the needs of 
some interests. The overall solution that 
seems best is to learn to live with the fluc- 
tuations that exist and to design our works 
accordingly, rather than to try to enlarge 
the outlets to the sea. Eoulds also men- 
tioned that the lake forecast was done by 
statistical approach; a significant improve- 
ment could be made only if the weather 
could be predicted several months in 
advance. 
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Geodesy/ Solid-Earth and Ocean Physics 
[GEOP] Research Conference 

Lunar Dynamics and Selenodesy 


Keynote Speaker: William M. Kaula, Department of Planetary and 
Space Science, University of California, Los Angeles 

FAWCETT CENTER FOR TOMORROW 
THE OHIO STATE UNIVERSITY 
COLUMBUS, OHIO 
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Sponsored by: American Geophysical Union 

Defense Mapping Agency 
National Aeronautics and Space Administration 
National Oceanic and Atmospheric Administration 
Ohio State University, Department of Geodetic Science 
U,S. Geological Survey 

The theme for the Eighth GEOP Research Conference will be set by an introductory review. The conference will 
be divided into the following subtopics, each introduced by an invited moderator and discussed by a panel; 

1. Gravity Field: W.L. Sjogren (Jet Propulsion Laboratory, Pasadena, California) 

2. Geometric Implications: Lunar Mapping, Figure: F J. Doyle (USGS, Washington, D.C.) 

3. Dynamic Implications: Ephemeris, Librations: D.H. Eckhardt (Air Force Cambridge Research Laboratory) 

4. Tectonic Implications: Structure, Evolution: J.W. Head III (Brown University, Providence, R.I.) 

Individuals interested in attending the conference are requested to send their applications on the standard 
application form available from the American Geophysical Union, 1707 L Street, N.W., Washington, D.C. 20036. 

Further details on the program, accommodations, and registration will be sent to those applicants selected by the 
committee to attend the conference by S iptember 3, 1974. 

Applications for attendance must be received by August 23, 1974. 

American Geophysical Union * 1707 L Street, N.W. * Wa.shington, D.C. 20036 
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The Gravity 
and Shape 
of the Moon 

William M. Kaula 


T IHIS review discusses the cur- 
rent knowledge of the gravity 
and geometry of the moon, and their 
implications as to lunar structure. 
Measurements pertaining to the 
gravity field are, first and foremost, 
Doppler tracking of spacecraft that 
have orbited the moon, but also the 
laser ranging from the earth to the 
moon and the gravity meters and 
accelerometers landed with the 
Apollo spacecraft. Measurements 
pertaining to the geometry include 
(1) those related to the shape; the 
metric photography and laser 
altimeters on Apollo 15, 16, and 17; 
the electromagnetic sounder on 
Apollo 17; the landmark tracking 
from earlier Apollo orbiters; and oc- 
cultations, plus (2) measurements 
related to the orientation; the laser 
ranging and interferometry from 
the earth. The review does not cover 
determinations of topography from 
photography taken for geologic or 
landing reconnaissance purposes. 
The discussion of tectonic implica- 
tions is limited to inferences of a 
quantitative nature. The emphasis 
is on work since 1970; see Kaula 
[1969, 1971] for reviews of earlier 
Work. 


This article was taken from the keynote 
address presented ut the Eighth GEOP 
Research Conference, on Lunar 
Dynamics and Selenodesy, which was 
hold at the Ohio State University, Col- 
umbus, October 10 and 11, 1974. 
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Gravity 

Of the global gravity field of the 
moon, only the second- and third- 
degree harmonics can be said to be 
known reliably. The best determina- 
tion thereof is that of Sjogren 11971], 
who used tracking of the 2700- to 
6100-km-altitude Lunar Orbiter 4 
to filter out higher harmonic effects. 
Sjogren's results for the third har- 
monics have been largely confirmed 
through their effects on the physical 
librations (J.G. Williams, personal 
communication, 1974). These 
results are given in Table 1. 

For most of the front face of the 
moon, the broad regional variations 
of about 150-km resolution are 
rather well known, since orbiters 
could be tracked continuously, This 
coverage is due mainly to Lunar Or- 
biter 6, which had an 86° inclina- 
tion, a minimum altitude of 100 km 
over latitude 2°N, and a maximum 
altitude of 1600 km. The essentials 
of its information were obtained by 
Muller and Sjogren [1968], The lack 
of far-side tracking makes it 
difficult to fit orbital elements to 
more than one revolution of data. 
Hence major features in the repre- 
sentation of the earth-side field tend 
to have spurious features of opposite 
sign north end south of them. This 
defect occurs regardless of whether 
this representation is in terms of ac- 
celerations or of surface masses. 
The defect is relieved within 
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TABLE 1. Spherical Harmonic Coefficients of the Lunar 
Gravitational Field [From Sjogren, 1971] 


Coefficient 

Unnormalized* 

10-“ 

Normalizedt 

lOW 

Qio 

-204.8 

-91.6 

C,, 

22.1 

34.2 

Qm 

- 10.7 

- 4.0 

Qii 

31.6 

29.3 

S,„ 

4.3 

4.0 

Qi2 

5.5 

16.1 


2.7 

7.9 

Qu 

1.8 

12.9 

Sua 

- 0.99 

- 7.1 


*Neuman or Ferrers harmonics: 


l/47r/F;,„^ da- = U + tn)\/[U - m)H2l +1)(2 - 8„^)| 
unit sphere 

tNeuman or Ferrers harmonics: 1/4 tt y* Y/„j^da = 1 

unit sphere 


latitudes ±21° by coverage from 
lower-inclination orbiters, as used 
in the surface mass solutions of Got- 
tlieb 11970] and Wong et at 11971]. 

The low altitude of some Apollo 
GSM’s and subsatellites has enabled 
pushing the resolution as. low as 30 
km for a limited part of the moon’s 
face, The most extensive such 
coverage is by the Apollo 16 sub- 
satellite: essentially a strip from 
50°W to 40°E between the equator 
and 10°N, in which the Apollo 16 
subsatellite was below 30-km 
altitude. The Apollo 15 satellite was 
between 40 and 60 km over a strip 
between 20° and 30°S [Muller et ai, 
1974; Sjogren et ai, 1974a; Sjogren 
and Wollenhaupt, 19736], More 
limited low-altitude coverages cor- 
respond to the GSM ground tracks: 
strips about 80 km in width and 
4000 km in length [Sjogren et ai, 
1972a; Sjogren et ai, 19746, c]. 
Higher-altitude coverages, 60 to 180 
km, were obtained by Apollo 15 over 
the zone 20°S to 30°N for most of 
the front face [Sjogren et ai, 1974a], 

The failure to fit orbits accurately 
for more than one revolution at a 
time indicates that there is informa- 
tion about the far side in the data. 
However, solutions for spherical 
harmonic coefficients to eighth 
degree by Liu and Laing 11971] and 
to thirteenth degree by Michael and 
Blackshear 11972] did not succeed in 
obtaining plausible representations 
for the far side, A significant im- 
provement has recently been ob- 


tained, by Ferrari 11975], He fitted a 
fifteenth-degree solution to Kepler 
elements for the Apollo 15 and 16 
subsatellites plus Lunar Orbitor 5 
and obtained a reasonable far-side 
field by using a priori sigmas, 
Further application of modern in- 
version theory seems appropriate. 

The leading features observed in 
the gravity field are shown in 
Figure 1 [Sjogren, 1973] and Table 2 
(of variable reliability). Most 
noticeable, of course, are the 
mascons. Seven of these positive 
features are larger (in the sense of 
anomaly X area) than the largest 
negative features (other than the 
ring around the Orientale mascon). 
Discrimination of the depth of the 
mass excesses came with the low- 
altitude Apollo passes. While the 
traditional ambiguity persists that 
an external gravity field can be ex- 



Fis. 2. Graviiy profile for a luwaltitude puBU 
over Mure SereniluliB et nl., 1972c|. 

actly satisfied by a mass distribu- 
tion at any level, as shown in Figure 
2, the ‘shoulders’ on the gravity 
profile require that there be density 
variations at a shallow depth. The 
same analyses obtain central sur- 
face densities as much as 800 
kg/cm-, equivalent to about 2.5 km 
of basalt [Muller el ai, 1974; Sjogren 
and Wollenhaupt, 19736], 

A unique feature is the Orientale 
‘bull’s eye’ complex of a central posi- 
tive, a negative ring, and a positive 
apron, successively smaller in ab- 
solute magnitude and larger in area. 
Also distinct is the large mildly posi- 
tive area over the southern high- 
lands. 

Other marked features of the 
gravity field are less than 300 km in 
extent and 150 mgal in usagnitude. 
The most important characteristic 
of the lunar gravity field is, in fact, 
its mildness for longer wavelengths. 
Prom the most detailed data, the 1,5 
X 10“ km“ covered by the 30-km- 
altitudfi Apollo 16 subsatollite 
passes, the rms mean anomaly for 
300-km squares is only ±26 mgal; 
for 150-km squares it is ±33 mgal. 
(In calculating these values, 
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TABLE 2. Leading Features of the Lunar Gravity 
Field Based on Figure 1 


Name 

Latitude 

Longitude 

Mean 

Anomaly, 

Mgal 

Area, 
10" km" 

Mass 
Excess 
10'“ kg’ 

Imbrium 

40“N 

15°W 

-t-200 

400 

■f200 

Serenitatis 

25°N 

20°E 

-1-200 

200 

-t-100 

Crisium 

15°N 

60°E 

-i-200 

150 

-t- 70 

Smythii 

5°S 

85°E 

-h230 

90 

+ 60 

Humorum 

25°S 

40‘“W 

-K20 

110 

-t- 30 

Nectaris 

20°S 

35°E 

4-120 

130 

-t- 40 

Aestuum 

10°N 

10°W 

-t-200 

60 

•f 30 

Orientals Mascon 

20°S 

100°W 

•t-200 

60 

-t- 25 

Orientate Ring 

15°S 

90'W 

-160 

600 

-200 

Orientate Apron 

10°S 

80°W 

-t- 40 

1100 

-1-120 

Littrow Trough 

20°N 

30°E 

-150 

60 

- 20 

Southern Hightands 

20°S 

15°E 

-1- 40 

600 

-1- 60 

Nubium 

20°S 

15“W 

- 80 

160 

- 30 

Southeast of Nectaris 

26''S 

40°E 

- 80 

110 

- 20 

North of Nectaris 

6°S 

36°E 

- 60 

70 

- 15 


•Approximately 0.14 x 10”" lunar mass. 


allowance has been made for (1) the 
altitude of the spacecraft, (2) the 
difference between line-of-sight and 
vertical accelerations, (3) the ab- 
sorption of low-degree harmonics in 
the reference orbit, and (4) error of 
estimation of 1 50-km-square 
means). These figures are less than 
1.5 times the rms terrestrial values 
for the same areas — despite mean 
gravity, and hence stress implica- 
tions, being only one-sixth as much. 
It is possible that the Apollo 16 strip 
is unrepresentatively mild. A higher 
figure compared with the earth is 
obtained from the long-wavelength 
features of the gravity field. From 
the data in Table 1, the rms nor- 
malized coefficient of degree I is 
about ±1.5 X 10““*/?. Extending 
this rule to degree 5 gives a rms 
anomaly for 1100-km squares of 
±27 mgal compared with ±14 mgal 
for terrestrial 1100-km squares. (A 
power spectrum estimate by Wong et 
al. [1971] gives ±38 mgal for 1100- 
km squares and ±93 mgal for 300- 
km squares but is severely distorted 
by use of Liu and Lianas [1971] 
harmonics). 

Dynamics 

The variations of the lunar grav- 
ity field interact with another 
observable, the wobbles in the 
moon’s rotation known as the physi- 
cal librations. Interest in the libra- 
tions has been stimulated in recent 
years through the great improve- 
ment in the accuracy with which 
they are measured by laser ranging 


[Bender el al., 1973] and nter= 
ferometry (VLBI) [Counselman et 
al., 1973a, 6] from the earth. 

For a year or two the librations 
were the major source of error in the 
laser ranging from the earth to the 
moon. This was partly because of in- 
accuracy in the harmonic coeffi- 
cients and partly because of inade- 
quate computation of their effects 
and planetary effects on the libra- 
tions. Linear estimates of the third 
and fourth harmonic effects ob- 
tained terms up to 10" in amplitude 
[Eckhardt, 1973; Kaula and Baxa, 
1973]. Since then, Eckhardt has ex- 
tended his iterative technique 
[Eckhardt, 1970] to include the 
third and fourth harmonics and 
planetary effects to a precision of 
0.01", and Williams and Slade 
numerically integrated the libra- 
tions including the same effects 
\ Williams et al., 1973]. This work 
has been a long and tedious task to 
make sure that all planetary pertur- 
bations, orientation effects, etc., are 
included. 

The aforementioned integrations 
assume a rigid moon. Peak [1973] 
has investigated the implications of 
elasticity and finds the effects to be 
no more than about 0.01": the moon 
is rather small and tight, and the 
libration periods are far from the 
free-oscillation period. However, 
possibly other frequencies should be 
examined (J.G. Williams, personal 
communication, 1974). With any 
plausible dissipation factor 1/Q, the 
meteorite flux is probably too small 


to excite any perceptible free libra- 
tions, but this area is also not com- 
pletely closed to speculation (S.J. 
Peale, personal communication, 
1974). 

The principal parameters deter- 
mined by observation of the libra- 
tions are the moment-of-inertia 
ratios /3 and y: 

/3 = (C - A)/1 : 631.1 ± 0.4 x 10-“ 
y = (B - A)/I: 226.8 ± 1.0 x 10~“ 

[Williams etal, 1974], where /is the 
mean moment of inertia and C, A, 
and B are, respectively, the mo- 
ments about the principal axes near 
the rotation axis, the mean direc- 
tion of the earth, and the direction 
orthogonal to these two. Combined 
with the second-degree harmonics 
from Table 1, 

■= [C - (A + BtmiMW : 204.8 
± 3.0 X 10-“ 

Jj, = (B - A)/4MR^-: 22.} 

± 0.6 X 10-“ 

a redundant set of data is obtained 
that yields 0.3951 ± 0.0046 for 
I/MR^ [Kaula etai, 1974]. Nearly all 
the uncertainty in I/MR comes 
from the gravity field determina- 
tion. 

An odd- finding from the recent 
work on physical libration theory is 
that, because of the third harmonics 
in the gravity field, the principal 
axis with moment of inertia A is 
shifted about 200" oast and 60" 
south of the mean earth direction 
[ Williams et al., 1973]. The essence 
of the situation in longitude is 
sketched in Figure 3; the har- 
monic exercises a torque on the 
earth slightly offsetting the torque 
by the C,^.^ harmonic. The conse- 
quence of this offset for orientation 
of the moon is that the mean direc- 
tion of the earth will be, uiider 
foreseeable circumstances, a much 
more accurately known direction 
than the principal axis of inertia. 
This condition exists because the 
offset is not directly observed but is 
calculated from observations of the 
moon’s gravity harmonica through 
orbiter perturbations. For a long 
time to come these harmonics will 
not be known to the requisite 3- or 
4-figure accuracy. 
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Fig. 3. Offsetting torques on the moon’s grav- 
ity field by the earth. 

Geomotry 

It is evident that the accurate 
laser ranging to retroflectors at the 
Apollo 11, 12, and 15 sites and VLBI 
to Alsep transmitters at the Apollo 
12, 14, 15, 16, and 17 sites are the 
appropriate means to obtain the 
orientation of the moon with respect 
to external references: the earth, 
sun, and stars [Bender et ai, 1973; 
Counselman et ai, 1973a, 6; Fa- 
jemirokun, 1971], The same observ- 
ing system affords a geometric con- 
trol system of high accuracy re- 
ferred to the moon’s center of mass. 
Unfortunately, it is rather sparse. A 
purely photogrammetric control 
system was proposed at one time, 
but a rather complete global net- 
work is needed for accurate results 
[Brown, 1968]. The actual Apollo 
coverage is limited to about 20% of 
the surface, between longitudes 
60°W, 155°E, and latitudes 32°N, 
28°S [Light, 1972a, 6; Helmering, 
1972]. 

Hence the essential control of the 
selenodetic survey comes from the 
orbits of the Apollo spacecraft, 
determined by tracking from the 
earth. This orbital reference gives 
an overall tie to the center of mass 
of the moon — thus serving as a 
substitute for a selenoid — and gives 
the relative location of successive 
camera stations to a greater ac- 
curacy than the photogrammetry; a 
few meters standard deviation. 
However, the relative locations of 
adjacent orbits are determined 


more poorly, with errors of the order 
of some tens of meters. 

The main cause for the imperfec- 
tion in the control system defined by 
the Apollo orbits is the imperfect 
knowledge of the gravity field. The 
resulting errors have a long-wave 
systematic character that shows up 
as warps with respect to the photo- 
grammetry. In the short run, the 
ephemerides provided by NASA 
have rather severe warps, conse- 
quences of the relatively simple 
operational orbit determination pro- 
cedures, erroneous models of the 
gravity field, and spacecraft oscilla- 
tions due to astronaut actions. In 
the long run, a more ideal system 
should be attained by a process of 
iteration and mutual adjustment 
between the orbital dynamics and 
the photogrammetry, taking advan- 
tage of the strengths of each. 

The heart of the Apollo photo- 
grammetric system is the mapping 
camera of 76-mm focal length and 
74° X 74° angular coverage. Supple- 
mentary components are the stellar 
camera of 76-mm focal length and 
24° X 18° angular coverage; the 
laser altimeter of ±2-m accuracy; 
and timing of ±0.001-s accuracy. 
The control network being 
established from this sytem by the 
DMA Aerospace and Topographic 
Centers has one point for each 900 
km^ of ±30-m horizontal location 


accuracy [Light, 1972a, 6; Doyle, 
1972; Helmering, 1973]. 

The principal product of the map- 
ping camera system is a series of 
1 : 250,000 orthophotomaps. The 
system also supports a panoramic 
camera of 610-mm focal length and 
11° X 108° angular coverage, 
designed to cover most of the same 
area at poorer geometric accuracy 
but better resolution (±2 m). The 
panoramic photography is used for 
1 : 50,000 and 1 : 10,000 maps of 
areas of special interest. 

The topographic maps are prin- 
cipally of value for yielding quan- 
titative information about such 
characteristics as the slopes of a 
variety of geologic features. For the 
more global variations in elevation 
the laser altimeter furnishes the 
most direct estimate. The altimeter 
was programmed to operate with- 
out, as well as with, the mapping 
camera, making measurements at 
intervals of 33 km. About 6000 
points were obtained along the 
Apollo 15, 16, and 17 ground tracks. 
The principal constraint on the ac- 
curacy of these elevations is the or- 
bit determination. The absolute er- 
rors may be as much as 400 m. 
However, for relative elevations be- 
tween successive points the uncer- 
tainty is less than 10 m. Kelative 
elevations between adjacent tracks 
have errors of less than 100 m, since 
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Fig. 4 Topographic elevations measured by the Apollo 16 laser altimeter iKaula et aly 1973]. 
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the orbits are similarly affected by 
the main error source, the gravity 
field model. 

The broad variations of topogra- 
phy measured by the altimeter 
(Figure 4) are most obviously 
analyzed in terms of harmonic com- 
ponents. The mean radius is esti- 
mated as 1737.7 km, and the offset 
of center of figure from center of 
mass (CFCM) as —2.5 km in the 
direction 24°E. The amplitude of the 
second harmonic is about 700 m for 
Apollo 15’s ground track, with the 
major axis at longitude 90°; it is 
1200 m for Apollo 16, with axis 
longitude 50° \Kaula et ai, 1973]. 
Perhaps more meaningful are varia- 
tions of elevation with terrain type, 
as shown in Table 3 [Kaula et ai, 
19741. The ringed maria also show a 
distinct inverse correlation of depth 
with width, as is evidenced by 
Serenitatis, Crisium, and Smythii in 
Figure 4. 

Additional topographic informa- 
tion is anticipated from the Apollo 
17 radar sounder [Phillips et ai, 
1973a, b; Brown et ai, 19741. 

Tectonic Implications 

The major variations in structure 
that give rise to the lunar gravity 
and shape are, as for any planetary 
body, caused mainly by circum- 
stances of origin and the subsequent 
thermal evolution. Infalls subse- 
quent to origin, such as the Imbrium 
and Orientale events, have strong 
regional effects and influence the 
locus of volcanism but do not greatly 
affect the moment of inertia, the 
broad variations of the gravity field, 
etc. 

Origin is a much more impoi-tant 
influence relative to evolution for 
the moon than for a larger body 
such as the earth. The outer parts of 
the moon were heated sufficiently 
at formation to differentiate a thick 
crust. The 2.5-km CFCM offset is 



Fig. 6. Principal leclonic effect of lunar ther- 
mal evolution. 

largely a consequence of the convec- 
tion associated with this separation. 
Since origin, the global evolution 
has been essentially that sketched 
in Figure 5; a cooling off of the outer 
parts together with a heating up of 
the inner parts. These changes 
would have contradictory effects, 
since the shallow cooling off would 
put the outer shell in compression, 
whereas the deeper heating up 
would put it in tension. Hence the 
lunar tectonic regime should show 
compressive characteristics on a 
regional scale but possibly tensile 
characteristics on a global scale. 

The contrast between the 
relatively mild gravity field (Figure 
1) and the marked variations in 
elevations (Table 3) indicates that 
isostatic compensation prevails. If it 
is assumed that this compensation 
is mainly by variations in thickness 
of a light crust (as it is on earth), 
and if the uniform seismic velocity 
20 — 60 km deep under eastern Pro- 
cellarum is taken to denote 
anorthositic gabbro [Toksoz et al., 
1974], then an extrapolation can be 
made to obtain the variations of 
crustal thickness with terrain type, 
and thence a mean thickness of 
about 60 km, as shown in Figure 6 
[Kaula et al., 19741. This thicknesis 
is somewhat more than the absolute 
minimum necessary to account for 
the CFCM offset (40 km) [Kaula et 
ai, 1972], as it should be. 

The effect of this mean crust 
necessary to account for isostatic 
compensation of the topography is 


to reduce the moment-of-inertia 
ratio I/MR^ by 0.0032 from uniform, 
0.4. The probable value HMR^ of 
0.3950 thus allows either a small 
iron core of 260-km radius, as has 
been recently inferred from 
seismology [Nakamura et ai, 1974], 
or a moderate gradient from magne- 
sian to iron silicates in the mantle 
[Kaula et ai, 1974; Toksoz et al., 
19741. 

Radioactive dating constraints in- 
dicate that lunar origin took place 
about 4.6 X lO® years ago, and that 
crustal formation was complete 
about 4.45 x 10® years ago, but that 
widespread brecciation, shocking, 
metamorphism, etc., occurred at a 
‘cataclysm’ about 4.0 x 10“ years 
ago [Tera et al., 19741. This 
cataclysm was presumably the for- 
mation of the great basins, which 
constituted the penultimate stage of 
major events shaping the lunar sur- 
face [Howard et al., 19741. The late- 
ness of this cataclysm, 700 m.y. 
after origin, makes it probable that 
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the impacting bodies were from out- 
side the earth-moon system and 
hence were of high velocity (more 
than 10 km/sec) [Wetherill, 1975], 
Such high-energy impacts would 
have removed considerably more 
mass than they added. Since the 
lithosphere would have already at- 
tained a considerable thickness — at 
least 200 km — more than 500 m.y. 
after crustal formation, the isostatic 
recovery would be incomplete, and 
the basins would be still marked by 
negative gravity anomalies. 

But, except for the Orientale ring, 
we do not have a clear-cut example 
of a large negative gravity anomaly 
associated with a basin, Instead, 
there are the notorious mascons. 
The moon is like the earth and Mars 


TABLE 3. Mean Elevations by Terrain Type 


Terrain 

Type 

Portion 
of Global 
Surface 

ApoUo 15 
Track, 
km 

Apollo 16 
Track, 
km 

Apollo 17 
Track, 
km 

Weighted 

Mean, 

km 

Ancient Cratered 

0.67 

+1.9 

+2.1 

+0,9 

+1,8 

Imbrian and 
Nectariun Busins 

0.23 

-1.7 

-1.2 

-1,3 

-1.4 

Ringed Maria 

0.06 

-4.1 

-4.1 

-3.7 

-4,0 

Other Maria 

0.14 

-2.0 

-2.6 

-2.1 

-2,3 
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in that the most prominent associa- 
tion of the gravity field with geology 
is a correlation of positive 
anomalies with the most recent 
volcanism. The moon differs from 
the earth and Mars in that ‘most re- 
cent’ is more than 3 x 10® years ago, 
the magnitudes of the anomalies are 
much smaller in stress implication, 
and the associated topographic 
features are depressions rather 
than elevations. The fundamental 
cause of both the volcanism and the 
mascons is the thermal evolution 
sketched in Figure 5. Continued in- 
ternal heating led to melting. 
Because rock decreases about 10‘% 
in density upon melting, the magma 
would have exerted great stress, 
enough for some of it to force its way 
to the surface before cooling. 

The greatest amount would have 
come up where the lithosphere was 
st: ucturally weakest, the deepest 
basins: the ringed maria. Probably 
the bulk of the magma solidified 
before it reached the surface. The 
extraordinary length of some 
sinuous rills indicates that the mag- 
ma had a much lower viscosity, and 
hence more basic composition, than 
is characteristic of terrestrial lava 
flows. The absence of large maria on 
the far side suggests that the 
greater crustal thickness was too 
much for the magma to overcome. 
This explanation further implies 
that the great far-side basin around 
30°S, and 180'’ is a negative 
anomaly, supported by lithospheric 
strength. 

Aside from internal heating being 
a fundamental cause, there is much 
left to be explained about the length 
scale, time history, etc., of mascon 
formation and the associated 
volcanism. Most remarkable is the 
lack of distinct negative rings 
around the mascons (other than 
Orientale). The simplest local hy- 
potheses for mascon formation [e.g., 
IFise and Yates, 1970] shift the mass 
a minimum distance, out from 
under the surrounding higher 
topography; such shifts would result 
in negative rings. The magma con- 
stituting the mascon excess ap- 
parently traveled a long way, either 
vertically or horizontally. The evi- 
dence from perturbations of Apollo 
15 and subsequent arbiters (as in 


Figure 2) that the excess is a 
shallow plate [Phillips et ai, 1972] 
associates it with the most recent 
flow, which occurred when the 
lithosphere had become most capa- 
ble of sustaining loads. This still 
leaves as a question the history of 
flows from basin formation to the 
final mare surface flows. The evi- 
dence of ‘shadow’ craters, for exam- 
ple, indicates that there was a long 
period of dwindling activity. Sub- 
sidiary is the thermal effect of 
transfer of surface matter from the 
basin to the surroundings [Arkani- 
Hamed, 1973]. 

The 1/i® rule of variation with 
wavelength of normalized spherical 
harmonic gravity potential coeffi- 
cients of the earth is most likely the 
consequence of (1) a white spectrum 
in the generating density variations 
plus (2) the density variations oc- 
curring predominantly near the sur- 
face. The white spectrum in turn 
suggests that the characteristic 
wavelengths of the phenomena 
causing the spectrum are shorter 
than the wavelength of the highest 
wave number to which the rule ap- 
plies. In the case of the above - 
described apparent drop-off in the 
lunar coefficients between wave 
numbers 3 and 18, at least two ex- 
planations are possible; either the 
characteristic wavelength is inter- 
mediate between these two wave 
numbers, or the predominant depth 
for the density variations is con- 
siderable. Consistent with the latter 
hypothesis is the low correlation of 
the long wavelength gravity field 
with surface features. 

Conclusions 

The simpler history of the moon 
makes it an easier planet to in- 
terpret than the earth. However, 
there are ambiguities arising from 
insufficiency of data as well as from 
lack of ingenuity in explanation. It 
is particularly irksome that there is 
a strong correlation of terrain type 
with the direction of the earth, so 
that the most common terrain type, 
the ancient heavily cratered terrae, 
is virtually unsampled. The un- 
manned lunar satellite proposed for 
late in the decade should remedy 
this deficiency. Meanwhile, more 
about the moon’s structure and 
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history can be winnowed from data 
already at hand. 

Acknowledgements 

This work is partially supported by 
NASA grants NGL 06-007-002, NGL 06- 
007-283, and NAS 9-12767. Institute of 
Geophysics and Planetary Physics 
Publication 1392. 


Bibliography 

Determination 

Bender, P.L., and 12 others. The Lunar 
laser ranging experiment, Science, 
182, 229-238, 1973. 

Brown, D.C., A unified lunar control net- 
work, Photogramm, Eng., 34, 
1272-1292, 1968, 

Brown, W.E., Jr., and 13 others. Eleva- 
tion profiles of the moon, Geochim. 
Cosmochirn. Acta, 38, Suppl. 5, 
3037-3048, 1974. 

Counselman, C.C., H.F, Hintereggar, and 
I.l. Shapiro, Astronomical application 
of differential interferometry. Science, 
178, 607-608, 1972. 

Counselman, C.C., H.F. Hintoregger, 
R.W, King, and 1,1. Shapiro, Precision 
selenodeay via differential inter- 
ferometry, Science, 181, 772-774, 
1973n. 

Counselman, C.C., H.F. Hinteregger, 
R.W. King, and l.I. Shapiro, Lunar 
baselines and libration from differen- 
tial VLBI observations of Alseps, 
Moon, a, 484-489, 19736. 

DeBra, D.B., J.C. Harrison, and P.M, 
Muller, A proposed lunar orbiting 
gravity gradiometer experiment. 
Moon, 4, 103-112, 1972. 

Doyle, F.J., Photographic systems for 
Apollo, Photogramm. Eng., 36, 
1039-1044, 1970. 

Doyle, F.J., Photogrammetric analysis of 
Apollo 16 records, NASA Spec. Publ. 
SP-289, 26:27-36, 1972, 

Eckhardt, D.H., Lunar libration tables. 
Moon, 1, 264-276, 1970. 

Eckhardt, D.H., Physical librations due 
to the third and fourth degree har- 
monics of the lunar gravity potential. 
Moon, 6, 127-134, 1973, 

EckhardL D.H., and K, Dieter, A non- 
li-.dar analysis of the moon's physical 
libration in longitude. Moon, 2, 
309-319, 1971. 

Fajemirokun, F.A., Application of laser 
ranging and VLBI observations for 
selenodetic control. Dept, of Geod. Sci. 
Rep. 167, 230 pp., Ohio State Univ., 
Columbus, 1971, 

Fajemirokun, F.A„ F.D. Hotter, and H.B, 
Papo, Selenodetic computer program 
library. Dept, of Geod. Sci. Rep. 197, 
196 pp., Ohio State Univ., Coiumbus, 
1973, 

Ferrari, A.J.^ An empirically derived 
lunar gravity field, Mmm, 5, 390-410, 
1972. 

Ferrari, A.J., Lunar gravity derived from 
long-period satellite motion — a pro- 


144 



posed method, Celestial Mech., 7, 
46-76, 1973, 

Ferrari, A.J., and W.G. Hef'fron, Effects 
of physical librations of the moon on 
the orbital elements of a lunar 
satellite, Celestial Mech , h', 111-120, 
1973. 

Ferrari, A.J.. Lunar gravity. The first 
far-side n, .ubmitted to Science, 
1975. 

Gavrilov, I.V., On the standardization of 
the selenodelic frame of reference, 
Moon, 8, 155-514, 1973. 

Gottlieb, P., Estimation of local lunar 
gravity features. Radio Sci., ,5, 
301-312, 1970. 

Helmering, R.J., Selenodetic control 
derived from Apollo metric photogra- 
phy, Moon, 8, 450-460, 1973. 

Kaula, W.M., The gravitational field of 
the moon. Science, 166, 1681-1588, 
1969. 

Kaula, W.M., Selenodesy and planetary 
geodesy, Eos Tran.s. AGU, 62, lUGG 
1-4, 1971. 

Kaula, W.M., and P.A. Baxa, The physi- 
cal librations of the moon, including 
higher harmonic effects. Moon, B, 
287-307, 1973. 

Kaula, W.M., G. Schubert, R.E. Lingen- 
fulter, W.L. Sjogren, and W.R. 
Wollenhaupt, Analysis and interpreta- 
tion of lunar laser altimetry, Geochim. 
Cosmochim. Acta, 36, Supjil. 3, 
2189-2204, 1972. 

Kaula, W.M., G. Schubert, R.E. Lingen- 
folter, W.L. Sjogren, and W.R. 
Wollenhaupt, Lunar topography from 
Apollo 15 and 16 laser altimetry, 
Geochim, Cosmochim. Acta, 37, Suiipt, 

4, 2811-2819, 1973. 

Kaula, W.M., G. Schubert, R.E. Lingen- 
feiter, W.L. Sjogren, and W.R. 
Wollenhaupt, Apollo laser altimetry 
and inferences as to lunar structure, 
Geochim. Cosmwhim. Acta 38, Sup/il. 

5, 3049-3058, 1974. 

King, R.W., C.O. Counselman, H.F. Hin- 
teregger, and l.I, Shapiro, Study of 
lunar librations using differential 
very-long-baseline observations of 
Alseps, Proc. Soc. Eng. Sci. Meet., 
Durham, N.C., in press, 1974. 

Light, D.L., Altimeter observations as or- 
bital constraints, Photngramm. Eng., 
38, 339-346, 1972a, 

Light, D.L., Photo geodesy from Apollo, 
Photngramm. Eng., 38, 574-587, 
19726. 

Liu, A.S., and P.A. Laing, Lunar gravity 
analysis from long-term effects, 
Science, 173, 1017-1020, 1971, 

McLean, R., Establishment of 
seienodetic control through measure- 
ments on the lunar surface. Dept, of 
Geod. Sci. Rep. 143, 83 pp,, Ohio State 
Univ., Columbus, 1970. 

Michael, W,H., Jr„ and W.T. Blackshear, 
Recent results on the mass, gravita- 
tional field, and moments-of-inertial 
of Uu' moon. Moon, 3, 388-402, 1972, 

Moutsoulus, M.O., Rotation of the moon 
and lunar coordinate systeniH, Moon, 

6, 302-331, 1972, 

Moutsoulus, M.D., Solenographic control. 


Moon, 8, 461-468, 1973, 

Mueller, l.I. (Ed.), A general review and 
discussion on geodetic control on the 
moon. Dept, of Geod. Sci. Rep. 127 , 131 
pp., Ohio State Univ., Columbus, 1969. 

Mueller, 1.1. (Ed.), Investigations related 
to geodetic control of the moon, Dept, 
of Geod. Sci. Rep. 198, 97 pp., Ohio 
State Univ., Columbus, 1973, 

Mulholland, J.D., Lunar dynamics and 
observational coordinate systems, An 
interpretive review, Moon, 8, 548-556, 
1973. 

Mulholland, J.D., and E.C. SilvOrberg, 
Measurement of physical librations 
using laser retroreflectors. Moon, 4, 
155-159, 1972. 

Muller, P.M., and W.L. Sjogren, Mascons: 
Lunar mass concentrations. Science. 
161, 680-684, 1968. 

Muller, P.M., W.L. Sjogren, and W.R. 
Wollenhaupt, Lunar gravity; Apollo 15 
Doppler radio tracking, Moon, 10, 
195-205, 1974. 

Papo, H.B., Optimum selenodetic con- 
trol, Dept, of Geod. Sci. Rep. 166, 260 
pp„ Ohio State Univ., Columbus, 1971. 

Papo, H.B., Orientation of the moon by 
numerical integration. Moon, H, 
539-545, 1973. 

Peale, S.J., Some effects of elasticity on 
lunar rotation. Moon, 8, 516-631, 
1973. • 

Peterson, C.G., Compilation of lunar pan 
photos, Phologramm. Eng., 39, 73-79, 
1973. 

Phillips, Techniques in Doppler 

gravity inversion, J. Geophvs. Res., 79, 
2027-2036, 1974- 

Phillips, R.J., J.E. Conel, E.A, Abbott, 
W.L. Sjogren, and J.B. Morton, 
Mascons: Progress toward a unique 
solution for mass distribution, J, Gco- 
phy.s. Res., 77, 7106-7114, 1972. 

Phillips, R.J., and 14 others, Apollo 
lunar sounder experiment, NASA 
Spec. Puhl. SP-330, 22:1-26, 1973n. 

Phillips, R.J., and 13 others, The Apollo 
17 lunar sounder, Geochim, Cos- 
mochim. Acta, 37, Suppl. 4, 2821-2831, 
19736, 

Riotte, W„ An investigation to improve 
.selenodetic control on the lunar limb 
utilizing Apollo 16 trans-earth photo- 
graphy, Dept, of Geod. Sci. Rep. 176, 
108 pp„ Ohio State Univ., Columbus, 
1972, 

Roberson, F.I., and W.M. Kaula, Apollo 
15 laser altimeter, Apollo 16 Prelimin- 
aiy Science Report NASA Spec. Puhl. 
SP-289, 26:48-60, 1972. 

Rodinov, B.N., and 16 others. Now data 
on the moon's figure and relief based 
on results from the reduction of Zond-6 
photographs. Cosmic Res,, 4, 410-417, 
1971. 

Sjogren, W.L., Lunar gravity usliTiiaU!; 
Independent confirmation, J. Geophys. 
Res., 76, 7021-7026, 1971, 

Sjogren, W.l.„ Lunar gravity anomalies 
(map), Geochim, Cosmoetiim. Aetii, 
Suppl. 4, I, iii-iv, 1973. 

Sjogren, W.L., and W.R. Wollenhaupl., 
Lunar shape via the Apollo laser 


altimeter, Science, 179, 276-278, 
1973a. 

Sjogren, W.L., and W.R. Wollenhaupt, 
Gravity; Mare Humorum, Moon, 8. 
25-32, 19736. 

Sjogren, W.L., P. Gottlieb, P.M. Muller, 
and W.R. Wollenhaupt, Lunar gravity 
via Apollo 14 Doppler radio tracking. 
Science, 175, 166-168, 1972a. 

Sjogren, W.L., P. Gottlieb, P.M. Muller, 
and W.R. Wollenhaupt, S-band tran- 
sponder experiment, Apollo 16 
Preliminary Science Report, NASA 
Spec. Puhl. SP-289, 22:1-6, 19726, 

Sjogren, W.L., P.M. Muller, and W.R, 
Wollenhaupt, Apollo 15 gravity 
analysis from the S-band transponder 
experiment. Moon, 4, 411-418, 1972c. 

Sjogren, W.L., P.M. Muller, and W.R. 
Wollenhaupt, S-band transponder ex- 
periment, NASA Spec. Puhl. SP-315, 
24:1-7, 1972d. 

Sjogren, W.L,, W.R. Wollenhaupt, and 
R.N. Wimberly, S-band transponder 
experiment, NASA Spec. Puhl. SP-330, 
14:1-4, 1973. 

Sjogren, W.L., W.R. Wollenhaupt, and 
R.N. Wimberly, Lunar gravity via the 
Apollo 15 and 16 subaatollite. Moon, 9, 
115-129, 1974a. 

Sjogren, W.L., R.N. Wimberly, and W.R. 
Wollenhaupt, Lunar gravity: Apollo 

16, Moon, f/, 35-40, 1974 6. 

Sjogren, W.L., R.N, Wimberly, and W.R. 

Wollenhaupt, Lunar gi'uvity: Apollo 

17, Moon. II, 41-52, 1974c, 

Sprague, M,D„ An investigation to im- 
prove selenodetic control on the lunar 
far side utilizing Apollo mission trans- 
earth trajectory photography. Dept, of 
Geod. Sci. Rep. 1.6,6, 192 pp., Ohio State 
Univ., Columbus, 1971. 

Sweet, H.J., An investigation to improve 
selenodetic control through surface 
and orbiter lunar photography. Dept, 
of Geod. Sci. Rep. 144, 64 pp,, Ohio 
State Univ., Columbus, 1970. 

Talwani, M., 0. Thompson, B. Dont, H.- 
G. Kahle, and S. Buch, Traverse grav- 
imeter experiment, NASA Spec, Puhl. 
SP-330, 13:1-13, 1973. 

Van Flandern, T.C., Some notes on the 
use of the Watts limb-correction 
charts, A.stron, ,J., 75, 744-746, 1970. 

Williams, J.G., M,A. Slade, D.H. 
Eckhardt, and W.M. Kaula, Lunar 
physical librations and laser ranging. 
Moon, 8, 469-483. 1973, 

Willianrs, J.G., W.S. Sinclair, M.A. Slade, 
r‘,L. Bender, J.P, Hauser, J.D, Mulhol- 
land, and P.J. Sholus, Lunar moment- 
of-inertia constraints from lunar laser 
ranging (abstract), in LunorScience V, 
p. 846, Lunar Science Institute, 
Houston, Tex. I 1974. 

Wollenhaupt, W.R., and W,L. Sjogren, 
Comments on the figure of the moon 
based on preliminary results from 
laser altimetry. Moon, 4, 337-047, 
1972a. 

Wollenhaupt, W.R., and W.L. Sjjogron, 
Apollo HI laser altimelori Agollo 16 
Prelim. Sci. Rep., NASA Spec. Puhl. 
SP-315, 30. 1-6, 10726, 

Wollenhaupt, W.R., R.K. Osburn, and 


145 



I 1 - - I 


G.A. Ranstbrd, Comments on the 
figure of the moon from Apollo land- 
mark tracking, Moon, 5, 149-157, 
1972. 

Wollenhaupt, W.R., W.L. Sjogren, R.E. 
Lingenfelter, G.Schubert, and W.M. 
Kaula, Apollo 17 Laser Altimeter, 
Apollo 17 Prelim. Sci. Rep., NASA 
Spec. Publ. SP-315, 33, 41-43, 1974. 

Wong, L., G. Buechler, W. Downs, W. 
Sjogren, P. Muller, and P. Gottlieb, A 
surface-layer representation of lunar 
gravitational field, J. Geophys. Res., 
76, 6220-6236, 1971. 

Interpretation 

Arkani-Hamed, J., On the formation of 
lunar mascons, Geochim. Cosmochirn. 
Acta, 37, Suppl. 4, 2673-2684, 1973. 

Booker, J.R., and R.L. Kovach, Mascons 
and the moon's gravity field, Phys. 
Earth Planet. Interiors, 4, 180-184, 
1971. 

Hartmann, W.K., and C.A. Wood, Moon: 
Origin and evolution of multi-ring 
basins. Moon, 3, 3-78, 1971. 

Head, J.W., Some geologic observations 
concerning lunar geophysical models, 
in Proc. Sou. Amer. Conf. Cosmochirn. 
of Moon and Planets, National Aero- 
nautics and Space Administration, 
Washington, D.C., in press, 1975. 

Howard, K.A., D.E. Wilhelms, and D.H. 
Scott, Lunar basin formation and 
highland stratigraphy. Rev. Geophys. 
Space Phys., 12, 309-327, 1974. 

Hulme, G., Mascons and isostasy. 
Nature, 238, 448-450, 1972. 


J 


Kaula, W.M., Interpretation of the lunar 
gravitational field, Phys. Earth Planet. 
Interiors, 4, 186-192, 1971. 

Lammlein, D.R., G.V. Latham, J. Dor- 
man, Y. Nakamura, and M. Ewing, 
Lunar seismicity, structure, and tec- 
tonics, Rev. Geophys. Space Phys. 12, 
1-21, 1974. 

Lingenfelter, R.E., and G. Schubert, Evi- 
dence convection in planetary in- 
teriors from first-order topography. 
Moon, 7, 172-180, 1973. 

McGetchin, T.R., M. Settle, and J.W. 
Head, Radial thickness variation in 
impact crater ejecta: Implications for 
lunar basin deposits. Earth Planet. Sci. 
Lett., 20, 226-236, 1973. 

Nakamura, Y., G. Latham, D. Lammlein, 
M. Ewing, F. Duennebier, and J. Dor- 
man, Deep lunar interior inferred 
from recent seismic data, Geophys. 
Res. Lett., I, 137-140, 1974. 

Phillips, R.J., and R.S. Saunders, In- 
terpretation of gravity anomalies in 
the irregular maria (abstract), in 
Lunar Science V, pp. 696-597, Lunar 
Science Institute, Houston, Tex., 1974. 

Ransford, G.A., and W.L. Sjogren, Moon 
model — An offset tore, Nature 238, 
260-262, 1972. 

Schaber, G.C., Lava flows in Mare Im- 
brium: Geologic evaluation from 
Apollo orbital photography (abstract), 
in Lunar Science IV, pp. 663-666, 
Lunar Science Institute, Houston, 
Tex., 1973. 

Scott, D.H., The geologic significance of 
some lunar gravity anomalies. 


Geochim. Cosmochirn. Acta, 38, Suppl. 
5, 3026-3036, 1974. 

Short, N.M., and M.L. Forman, Thick- 
ness of impact crater ejecta on the 
lunar surface. Mod. Geoi, 3, 69, 1972. 

Solomon, S.C., Density within the moon 
and implications for lunar composi- 
tion, Moon, 9, 147-166, 1974. 

Tera, F., D.A. Papanastassiou, and G.J. 
Wasserburg, Isotopic evidence for a 
terminal lunar cataclysm. Earth 
Planet. Sci. Lett., 22, 1-21, 1974. 

Toksoz, M.N., Geophysical data and the 
interior of the moon, Annu. Rev. Earth 
Planet. Sci, 2, 161-177, 1974. 

Toksoz, M.N., A.M. Dainty, S.C. Solomon, 
and K.R. Anderson, Velocity structure 
and evolution of the moon, Geochim. 
Cosmochirn. Acta, 37, Suppl. 4, 
2629-2647, 1973. 

Toksoz, M.N., A.M. Dainty, S.C. Solomon, 
and K.R. Anderson, Structure of the 
moon. Rev. Geophys. Space Phys., 12, 
639-667, 1974. 

Wetherill, O.W., Pre-mare cratering and 
early solar system history, in Proc. Sov. 
Amer. Conf. Cosmochirn. of Moon and 
Planets, in press, 1976. 

Wilhelms, D.E., and J.F. McCauley, 
Geologic map of the near side of the 
moon, U.S. Geoi Suru. Misc. Geoi Inu. 
Map 1-703, 1971. 

Wise, D.U., and M.T. Yates, Mascons as 
structural relief on a lunar 'Moho,' J. 
Geophys. Res., 76, 261-268, 1970. 

Wood, J.A., Bombardment as a cause of 
the lunar asymmetry. Moon, 8, 
73-103, 1973. 


146 





AGU 


Lunar 

Dynamics 

and 

Selenodesy 

REPORT 

OF THE EIGHTH GEOP 
RESEARCH CONFERENCE 


The eighth geop 

(Geodesy /Earth and Ocean Physics) 
Research Conference, on Lunar 
Dynamics and Selenodesy, was held 
October 10 and 11, 1974, at the Ohio 
State University, The conference, 
the last in the second year of the 
aeries, was attended by 66 persons. 

The meeting was opened by 
William M , K a u 1 a , who also 
delivered the traditional introduclo- 


This report was prepared by Frederick J, 
Doyle, Donald H, Eckhardt, James W. 
Head, William M. Kaula, Ivan 1, Mueller, 
and W, L, Sjogren, Material contained 
herein should not be cited, 
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ry address, printed in its entirety 
elsewhere in this issue. The presen- 
tations and the discussions are sum- 
marized below by panel sessions. 

First Session 

Panel on Gravity Determination 
and Interpretation 

Chairman: W. L. Sjogren (Jet Propulsion 
Laboratory, California Institute of 
Technology) 

Members: R.H. Tolson (Langley 
Research Center), A.J. Ferrari 
(California Institute of Technology), 
M.P. Ananda (Jet Propulsion 
Laboratory), W.R. Wollenhaupt 
(Johnson Space Center), R.J. Phillips 
(Jet Propulsion Laboratory), C. Bowin 
(Woods Hole Oceanographic Institu- 
tion), A.W.G. Kunze (University of 
Akron) 

During the introduction, W.L. Sjogren 
displayed the diagram shown as Figure 
1, which indicated the various attacks 
that are being made on the lunar gravity 
data. There are many avenues, and each 
approach has its advantages over 
another, depending on what parameters 
are being sought. The basic data, 
however, are only of one class, na.mely, 
spacecraft Doppler, which provides line- 
of-sight velocity measurements. 

There now exist data from 13 orbiting 
spacecraft (Lunar Orbiter 1, 2, 3, 4, and 
5; Explorer 36; RAE-B; Apollo 15 and 16 
subsatellites; and Apollo CSM 14, 16, 16, 
and 17). The large omission in this data 
block is the lack of any direct far-side ob- 
servationo. The earth-based radio track- 
ing is nonexistent during the periods of 
occultation — almost half the orbital 
period for the Apollo missions. Therefore 
any determination of far-side gravity 


variations must come from an extensive 
analysis of a long history of the 
spacecraft orbital elements. 

The parameters being sought vary 
from spherical harmonic coefficient 
values, to global geoid heights, to ac- 
celeration profiles over very local 
anomalies, to front-side surface mass 
distributions. Each of these areas was 
discussed by one or more participants 
emphasizing his particular motivation. 
For example the homogeneity constant, 
determined from the polar moment of in- 
ertia C, is derived from the t /20 Cjj 
harmonic coefficients; loading and stress 
estimates for local anomalies including 
the mascons are determined from ac- 
celeration profiles and global isostatic 
conditions horn total geoid maps. 

The status of spherical harmonic 
representation of the lunar gravity field 
was reviewed by R.H. Tolson. Current 
models are limited by the poor distribu- 
tion of satellite orbit geometries, the oc- 
cultation of satellites on the lunar far 
side, and a limited number of arcs that 
are free of nongravitational forces. Most 
gravity fields have been based on Dopp- 
ler tracking data from the Lunar Orbiter 
series; however, data from Explorer 36 
and 49 and the Apollo particle and fields 
satellites are currently being analyzed. 
The Explorer satellite orbits are 
relatively high and are free of perturba- 
tions from high-frequency gravity field 
components. Thus these satellites should 
be useful in estimation of the low-order 
potential coefficients needed to place 
constraints on the internal structure. 

Tolson compared about a dozen grav- 
ity fields in terms of the values of the in- 
dividual coefficients, the power spectra, 
and the surface gravity anomaly con- 
tours. The gravity fields varied from 
third to thirteenth degree. Half of the 
fields were generated by using the Dopp- 



Fig. 1. Analysis of lunar gravity data. 


ler data directly as the observable; the 
other half utilized two-ntage filtering in 
which short arcs of Dopp.ler data are pro- 
cessed to obtain mean otbital elements, 
which are in turn processed to obtain the 
gravity field. 

The second-degrej zonal coefficient is 
particularly import.int for placing a con- 
straint on the internal structure. A value 
of 2,054 ± 0,012 •< 10“< for this coeffi- 
cient is obtained from selected Dopplor- 
derived fields. Values of this coefficient 
determined from mean elements are 
generally smaller, having an average 
value of 1,997 ± 0,016 x 10~h and are 
thought to he leas accurate because of in- 
adequate separation of the zonal har- 
monics in the mean element approach. 
Using values of /3 and y determined from 
lunar libration studies yields C/MR'^ 
values of 0.397 ± 0.003 and 0.386 ± 
0.006, respectively. 

A comparison of the third-degree nor- 
malized coefficients shows consistency 
between the gravity fields of about I X 
10“", with C,, being the moat consistent 
coefficient. Fourth-order fields show 
limited consistency at the lO'® level ex- 
cept for </,, which cun he estimated us 
— 7± 3 X 10 This ostimate is ob- 
tained by combining the mean element 
solutions and the Doppler derived value 
of t/j given above. Higher-order coeffi- 
cients show no consistency at the 10“'' 
level. Thus the current satellite tracking 
data set does not generally provide suffi- 
cient constraints to permit Individual 
coefficient estimates beyond third or 
fourth degree. 

The power spectra of typical high- 
order fields are shown in Figure 2. The 
lower curve ia the spectrum generated 
from a point mass representation of the 
near-side gravity field, Such representa- 
tions should yield realistic high-degree 
spectra. As we discussed above, the 
spherical harmonic fields are realistic 
through at least the third degree and to 
a lesser extent through the fourth 
degree. Thus, in the regions where the 
two representations are valid, the 
spectrum appears to follow the empirical 
formula 16 X 10"''//i'‘'. Thu high-degree 
spherical harmonic fields demonstrate 
what appears to be excessive power in 
the higher-frequency terms, whereas the 
point mass representations appear to 
underestimate the power in the low and 
intermediate frequencies. Caution must 
therefore be exercised in using either 
representation for studies of internal 
stress or density variations. 

Gravity anomaly contour maps gener- 
ated from gravity fields of degree loss 
than about 10 do not resolve the ringed 
maria anomalies. Higher-order fields, 
which do resolve the mascons, gonerally 
produce far-side and polar gravity 
anomalies 6 to 10 times larger than 
those expected. This is the manifestation 
of the excessive power in the high -degree 
terms shown in Figure 1, 

W.T. Blackshear, in an unpublished 
result, has mapped the covariance on the 
gravity coefficients into an uncertainty 


148 




I i I I 



in the gravity anomaly on the near and 
far side. He found that the near-side 
equatorial uncertainty was 5 mgal, 
whereas the far-side uncertainty was 
about 7 mgal. Thus the data are nearly 
as sensitive to the far-side field as to the 
near-side field. However, the data do not 
constrain the entire set of gravity coeffi- 
cients. The implication is that the far- 
side field can only be determined if addi- 
tional constraints are introduced to the 
existing data. The optimal constraint 
would be to have new data in the polar 
and far-side regions. In lieu of this, 
reduced rank solutions or geophysical 
constraints, to reduce the power in the 
high-frequency terms, should be ex- 
plored. 

Our meeting was highlighted when 
A.J. Ferrari presented his very recent 
work using data from the Apollo sub- 
satellites. A gravity model of degree and 
order 14 had been obtained from these 
data, yielding a maximum resolving 
ability of 384 km in the equatorial 
region. 

Radial accelerations from the model, 
when evaluated at 100 km above the 
lunar surface, are in good agreement 
with results obtained by using the 
residual analysis method. The model 
clearly resolved the mascon features at 
Mare Serenitatis, Mare Imbrium, Mare 
Humorum, and Sinus Aestuum-Medii. 
Other large prominent mascons at 
Crisium, Nectaris, Orientale, and Gri- 
maldi are all resolved as positive 
anomalies but are shifted approximately 
5° from the topographic centers of these 
features. The mascon at Mare Smythii 
was not resolved. Possible new small 
front-side mascons were found at 
Aristarchus, and one was found in the 
southeastern highlands at 30°S latitude 
and 60°E longitude. 

The far-side lunar gravity map, which 
is the first believable one, shows all the 
highland regions to be areas of broad 
positive gravity. The only large (over 400 
km) far-side ringed basin that resolved 
as a potential mascon was Mare Ingonii. 
Ringed basins such us Apollo, Korolev, 
Moscovienso, and Mendeleev were all 
strong negative gravity regions. 
Hertzsprung appeared to be a relative 
low in a broad highland region. A large 
negative gravity region exists at 40°S 
latitude and 190°E longitude, which cor- 


responds closely to the known 
topographic depression. The lunar far 
side, in contradistinction to the front, is 
characterized by the broad strong grav- 
ity regions of the highlands, with in- 
terspersed local negative regions corre- 
sponding to the larger ringed basins. 
Prom this evidence it appears that the 
far-side basins are craterlike and are not 
equivalent to front-side mare (filled cir- 
cular basins). 

Ferrari’s work was not the complete 
answer, for when the accuracy of the 
low-order harmonic was presented, it did 
not change Tolson’s previous picture of a 
definite need for a magnitude improve- 
ment in t/j and C 22 . 

M.P. Ananda discussed a mass point 
representation of the gravity field 
derived from 120 days of Apollo 15 sub- 
satellite data. The data consisted of the 
mean rates of the orbital elements 
rather than the elements themselves. 

The estimated masses consisted of 
only 68 points placed about 20° apart 
over the region of ±30° about the equa- 
tor and 100 km below the lunar surface. 
This was a factor of 4 reduction in the 
number of parameters that Ferrari used 
and eliminated the use of any a priori 
condition. About 90% of the information 
was extracted from the data. However, 
the residuals showed systematic sig- 
nature indicating that further informa- 
tion can be recovered. A radial accelera- 
tion contour map, evaluated at 100-km 
altitude from the lunar surface, showed 
the front side in close agreement with 
the result derived from the residual 
analysis method. The only discrepancy 
was the Mare Crisium anomaly; all other 
known mass anomalies were recovered. 
The far-side map showed the highland 
regions as positive gravity areas and the 
basins such as Korolev, Moscoviense, 
Mendeleev, and Tsiolkovsky as negative 
gravity regions. The results were very 
similar to Ferrari's solutions and added 
confidence to the reality of the far-side 
field, Ananda’s further efforts will in- 
clude selecting optimum mass anomaly 
grid points, combining Apollo 16 and 16 
subsatellite data, studying various data 
blocks, studying the effects of depths and 
shapes of mass anomalies, adjusting fur 
known low-order gravity harmonics, and 
applying geophysical constraints. 

Sjogren described the results from the 
short independent arc (»70 min) ap- 
proach using a grid of surface masses us 
the estimated gravity field. 

The short integration periods reduced 
the effects of solar pressure modeling, 
gas leak perturbations, and integration 
errors. The reductions fitted the observa- 
tions to almost the noise level, so that 
only very small systematic signatures 
were visible in the residuals. The cost of 
this method, however, was the complete 
loss of any far-side information. 

Three different reductions have been 
accomplished over the past several 
years. The first was a quasi least squares 
reduction in that the entire 680 point 
masses estimated wore obtained from 


overlapping blocks of 60 parameters 
each rather than from a complete 
simultaneous inverse. In 1971, 600 sur- 
face disks (50-km radius and infiniteiy 
thin) were estimated simultaneously 
with some 1100 state parameters. There 
were 11,000 observations, primarily 
from the lunar orbiler scries (600 from 
Apollo 8 and 12). These results provided 
the first good estimate for a radial ac- 
celeration mapping over the front face 
from ±50° latitude. It revealed the 
mascons, the Orientale ring structure, 
and the Oceanus Procollarum's mild 
variations. In 1973 another reduction 
using almost 20,000 observations from 
the Apollo missions (Apollo CSM 14, 16, 
16, and 17 and the Apollo 15 and 16 sub- 
satellites) was finished. However, in this 
reduction many suface features were 
modeled with disks placed at their opti- 
cal centers (i.e., mascons and craters). 
The disk radii were different, depending 
on the size of the structure. There wore 
960 parameters (360 disks) in this solu- 
tion. With this result, estimated features 
hud a single quantitative value. — a 
realistic value where adjacent variations 
hud boon accounted for. These results 
are the bust present front-side quantita- 
tive values. They can be improved upon 
by more detailed modeling, which is the 
next step in the analysis, 

A sidelight to this approach was the 
analysis of the Mariner 9 (Mars orbiting 
spacecraft) data. Hero the entire planet 
was modeled by using 92 equally spaced 
masses, and the short arcs (2 hours) 
were evenly spread over the entire sur- 
face (rather than over just 200“ of 
longitude, as in the lunar case). The 
results were remarkable in that again 
surface features were detected and the 
expansion of the mass points into spheri- 
cal harmonics produced coefficient 
values that were almost identical to the 
straightforward harmonic estimates. 
However, the harmonics solutions hud 
their problems when it was attempted to 
attain higher order, and they did not 
have the resolution of the moss points. 
Also, they had largo systematic residuals 
after their long integrations and many 
iterations. 

W.R, Wollenhaupl outlinod his plans 
for incorporating the Apollo photo- 
graphic data into the Doppler data solu- 
tions for gravity parameter estimates. 
Ho displayed results from simulations 
indicating that indeed one could signifi- 
cantly improve the results from Doppler- 
only reductions. Ho stressed the impor- 
tance of a close interface with tho photo- 
graphic reduction personnel and the 
need to iterate between themselves on 
independent reductions. He was confi- 
dent that tho direct photographic ray 
data on the fur side would bo powerful in 
resolving tho major far-sido unomalios, 

Sjogren roviowod the residual analysis 
approach, a method developed by P,M, 
Muller and Sjogren in 1968, when they 
accidentally found the large gravity 
anomalies in tho circular basins 
(mascons). It was a quick and easy way 
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to pinpoint anomalies, although quan- 
titative values were somewhat distorted. 
The reduction was accomplished by es- 
sentially removing all known motion 
from the raw Doppler observations and 
analyzing the remaining line-of-sight 
velocities as variations in the lunar po- 
tential. These Doppler residuals were fit- 
ted with third degree splines having con- 
tinuous second derivatives. Differentia- 
tion of these splines produced line-of- 
sight accelerations (which were mapped 
on a lunar chart according to the 
spacecraft selenocentric location at the 
observation time). Data from the Apollo 
missions have provided many detailed 
mappings over such features as mascons, 
craters, and mountain chains. Some 20 
craters have been detected, all revealing 
negative gravity or mass deficiencies. 
Also, features not correlated with sur- 
face structure have been found. 

The resolution of the data is almost 
proportional to the spacecraft altitude, 
and therefore the orbits of the command 
and service modules just prior to lunar 
landing have some of the moat detailed 
structure. The Apollo 16 subsatellite was 
at a relatively low 15- to 20-km altitude 
over the region from the equator to 10°N 
and from 50°W to 40°E longitude. The 
Apollo 15 satellite at a 30° inclination 
never attained any low altitudes in the 
northern hemisphere (i.e., <100 km) 
and reached a minimum of 40 km in the 
southern hemisphere at 30°S latitude. 
This provided excellent coverage over 
Mare Humorum and Mare Orientale. 

A measure of ground truth was ob- 
tained from Apollo 17 with a surface 
gravimeter. A comparison with Sjogren’s 
results by using appropriate adjustment 
terms showed a very good agreement 
(i.e., 10 mgal fora — 200-mgal anomaly), 

R.J. Phillips reviewed two aspects of 
the modeling of local lunar gravity 
anomalies. He discussed the use of semi- 
global models, such as the 1971 Aero- 
space-JPL disk solution, to derive local 
mass distributions. On a local basis, such 
global models are useful within the 
limitations of the model error variance 
and resolution. Such aspects can be con- 
trolled by using the techniques of 
generalized inversion theory. 

Phillips reviewed orbit simulation 
techniques for constructing local gravity 
models. Residual line-of-sight gravity 
data are typically biased by the least 
squares removal of the Keplerian orbit. 
In the orbit simulation approach, the 
gravity vectors for a particular model 
and spacecraft orbit are integrated 
along track. The least squares Keplerian 
orbit is removed, permitting a com- 
parison with the actual line-of-sight 
residual gravity data. 

Phillips stressed the nonuniqueness of 
the modeling and the importance of ad- 
ditional geological and geophysical infor- 
mation to constrain the interpretation, 

0, llowin presontod a model for the 
nuiscona that was a two-body model 
rather than a single-body model, which 
ho contended was being proposed by 
almost all analysts, 


In the case of mare fill with a reasona- 
ble density contrast (-fO.5 g/cm“) with 
crustal material, this would require a fill 
thickness of about 16 km for Mare 
Serenitatis to account for the observed 
gravity values at 100-km height. Such a 
great thickness would require a 16-km- 
deep hole prior to filling, and such a 
topographic depression is inconsistent 
with gravity anomalies away from the 
mare basins, where near-iscistatic condi- 
tions appear to prevail. It v/ould also be 
inconsistent with the depths of the 
topography of Mare Nectaris and Mare 
Orientale basins, which have but little 
fill, and with estimates of mare 
thicknesses based on buried crater 
dimensions. A two-body mascon solution, 
however, required only a 2-km thickness 
of fill and a 12-km rise of a lunar M dis- 
continuity beneath Mare Serenitatis to 
account for the observed gravity 
anomalies. The top of the mantle dome 
or plug is placed at 60-km depth to 
match observed seismic-velocity struc- 
ture. Bowin claimed that this mascon 
structure had an anomalous gravity field 
that was in good agreement with 
anomalies observed at several heights 
above Mare Serenitatis. Almost all 
agreed that the model was correct; 
however, the problem of estimating the 
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In the seventeenth century, Galileo 
discovered the libration in latitude; 
Hevelius discovered the libration in 
longitude; and in 1693 Cassini elegantly 
described the moon’s rotations that 
cause the optical librations as the sum of 
two uniform motions that are syn- 
chronized with the period and precession 
of its orbit. By 1750, Cassini’s figure of 
2.5° for the inclination of the mOon’.s 
equator to the ecliptic / was brought 
down to 1°29’ by Mayer, and the moon’s 
librations were then predictable to about 
1", as seen from the earth. 

'fhe principal improvements concern- 
ing our knowledge of llio librations over 
the Hubsequont two centuries came from 
the theoreticians such as Lagrange; they 
provided the dynamical explanations for 
Cassini’s 'laws’ and showed that physical 
librations with amplitudes less than 
0.5", us soon from the eartli, must also 
exist. Thu physical librations were Just 


two masses independently probably was 
not possible with the existing data set. 

A.W.G. Kunze also considered a 
mascon model and proposed the integral 
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to be zero over the mascon regions. In 
mascon maria the integral included the 
negative ring anomaly surrounding the 
positive mascon peak, and the uncom- 
pensated masses thus determined were 
small. Consequently, regional isostasy 
was approaertbd in all mascon maria ex- 
cept Mare OAentale (isostatically over- 
compensated by the adopted definition). 
It therefore appeared that most lunar 
mascons were supported isostatically by 
mass deficits at depth, and that the ob- 
served gravity profiles were essentially 
the superposition of gmavity highs caused 
by the excess density of the basaltic 
mare fill and broader gravity lows pro- 
duced by compensating density deficits 
at depth. It was pointed out to Kunze 
that the negative ring structure was not 
sufficiently consistent with the mascons 
and that his density inversion hud 
problems also. 


marginally discernible, and the dynami- 
cal theory was developed to a level far 
superior to the quality of the observa- 
tions. Then came the revolutionary im- 
provements in the resolution of our ob- 
servations of the librations; lunar laser 
ranging and differential VLBI are now 
providing resolution improvements by a 
factor of 10* over what existed a decade 
ago. The theoreticians are still .scurrying 
to try to keep up with the observers, and 
our knowledge of the moon’s dynamics 
and of the theoretical implications of its 
rotations is rapidly growing. 

The three dynamical equations that 
represent the rotations of the moon ore 
complicated, mutually coupled, and non- 
linear. To solve them one must first 
adopt an ephemeris of the muon. The 
semianalytic solution starts with a semi- 
analytic (numeric coefficients and sym- 
bolic arguments) tabulation of terms 
composing Fourier series expansions of 
the lunar coordinates. The numeric solu- 
tion Sturts with a numerically integrated 
ephemeris. A purely analytic solution 
would start from a purely analytic 
ephemeris; the construction of such a 
solution has not yet been achieved with a 
precision comparable with that of the 
semianalytic or numeric solutions. 

D. Eckhardt discussed his lolest somi- 
nnalytic solution for the physleal llbi-a- 
tions. His model is a rigid moon with its 
gravity potential developed througl\ Ihe 
fourth-degree harmonics. The lunar 
ephemeris used is the improved lunar 
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theory of Deprit. The moon is considered 
to be moving about the earth according 
to the main (three body) problem of 
lunar theory, and it is torqued by the 
earth and the sun. The perturbations 
caused by additive and planetary terms 
in the lunar theory must be added 
separately. 

The dynamical equations are solved 
iteratively with a digital computer per- 
forming all the semianalytic mathemati- 
cal manipulations required. Each of the 
many Fourier series involved is allowed 
up to 510 terms. The computer sets and 
monitors the truncation level of each 
operation and decides upon convergence 
once all solution correction terms in an 
iteration have amplitudes less than a 
specified criterion. Because successive 
corrections decrease rapidiy, the solu- 
tions are internaliy consistent to about 1 
order of magnitude better than the 0.04" 
convergence criterion used. Tables are 
generated for all terms in t, p, hr, p,, and 
Pa that have amplitudes greater than 
0.001" — about 460 terms for each 
parameter set. The parameters varied to 
produce partial differences are fi, y, and 
C/MR^, each third-degree harmonic in- 
dividually, and all fourth-degree har- 
monica as a block. 

J.G. Williams reported on the Jet Pro- 
pulsion Laboratory numeric solution for 
the physical librationa, their comparison 
with semianalytic solutions, and their fit 
to the lunar laser ranging data. His 
lunar model is similar to Eckhardt’s, and 
his ephemeris is one of the JPL aeries of 
numeric lunar ephemeridea. A simple 
fourth-order Runge-Kutta scheme is 
used to integrate t, p and la- as functions 
of time. The partial derivatives of the 
libration angles with respect to the in- 
itial conditions arc obtained by finite 
differences. 

Williams compared his solution with 
Eckhardt's by adjusting the initial condi- 
tions of the numeric .solution for u least 
squares fit with the .semianalytic solu- 
tion. The comparison is now butter than 
0.1" (84 cm) salenocentrically over a 
three-year interval. The true discrepan- 
cy is several times larger because the 
second-order effects in the long-period, 
additive, and planetary terms have not 
yet been derived for the semianalytic 
solution. Like the semianalytic solution, 
the numeric solution fitted to it would 
have no free librations. Even if the 
numeric solution is used for the adjust- 
ment of observations, it must be com- 
pared with the analytic or semianalytic 
solutions to test for the existence of free 
librations. 

Five years of lunar laser ranging data 
from McDonald Observatory, Texas, 
have now been fitted with an rms 
residual of 46 cm. A number of libration- 
related parameters and the coordinates 
of four lunar retroreflectors are adjusted 
in the fit. The values of /3, y, ■‘ij.j, and 

S|;i are very well determined from the 
data, The remaining third-degree har- 
monics are sensitive enough to be deter- 
mined in future 
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coordinates are accurate enough to serve 
as control points for selenodetic net- 
works. 

P.L. Bender discussed work in which 
lunar range residuals from solutions 
generated at JPL and at the University 
of Texas at Austin are used to solve for 
low-degree lunar gravitational har- 
monics in different ways. One approach 
is to introduce a covariance matrix for 
the calculated residuals to allow for un- 
certainties in the earth’s orientation. A 
second approach consists of solving for 
single-day corrections to UTO directly 
from the McDonald Observatory data. 
The results are being combined with the 
normal equations for Sjogren’s Lunar 
Orbiter 4-a solution to obtain improved 
values for the low-degree harmonics. It 
appears that about 6 degrees of freedom 
in present spacecraft tracking solutions 
for lunar gravity can be tied down by 
proper combination with the normal 
equations for lunar range solutions. 

C. Counsolman reported progress by 
the MIT-Haystack-Goddard- AFCRL 
group in studying the libration through 
differential VLBI. Two relative-position 
coordinates of a pair of Apollo lunar sur- 
face experiments package (Alsep) 
transmitters are determinable within 
less than 1 m from a several-hour-long 
series of observations. Over the last 19 
months, nearly 600 such series have 
been obtained. 

Data from these observations have 
been analyzed so far with libration 
ephemeridea based on Eckhardt’s semi- 
analytic development and on JPL’s 
numeric integration, and with a 
numerically integrated lunar orbit 
generated at MIT by fitting laser rang- 
ing data. When VLBI observations are 
analyzed one day at a lime, the fit ob- 
tained by adjusting only the selenodetic 
coordinates of an Alsep is good, and 
results from simultaneous observations 
on different base linos are consistent 
within 1 m. However, a serious discrep- 
ancy between observed and computed 
values of the VLBI observable, 
equivalent to tens of meters in Alsep 
position, accumulates over a month. This 
discrepancy is surprising in view of the 
relatively good fit to three years of laser 
ranging observations, within 10 ns rms, 
which has been obtained with the same 
orbit and libration ephemeridea. Incon- 
sistencies in the relative orientations 
among these ephemerides, the equator, 
and the ecliptic are suspected inasmuch 
as VLBI is much more sensitive than 
ranging observations to the position 
angle of the moon. 

R.W. King is continuing to study these 
problems at MIT and AFCRL with assis- 
tance from the Lunar Laser Ranging Ex- 
periment (Lure) team and the JBL 
ephemeris group. VLBI observations of 
the Alseps arc also continuing through 
the cooperation of Goddard Space Flight 
Center and the Spacecraft Trucking and 
Data Network. The quality of those ob- 
servations is expected soon to improve 
with the inslalluUon of new instrumen- 
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tation recently developed at MIT and 
Haystack Observatory. 

Until only three years ago, the 
dynamical figure of the moon used in 
physical libration solutions was repre- 
sented only by the second-degree 
harmonics of its gravity potential. The 
higher-degree harmonics had been 
neglected because they seemed to be of 
little significance, whereas their inclu- 
sion would have greatly complicated the 
equations. When this assumption was 
closely examined, it was found to be 
quite invalid; the third-degree har- 
monics were found to lead to significant 
physical librations. 

Other assumptions based on cursory 
analyses are now also being recon- 
sidered. Williams, for example, ques- 
tioned whether the moon should really 
bo considered a rigid body. He suggested 
that it may be possible to measure the 
potential disturbance Love number of 
the moon through its effect on the libra- 
lions. A frequent assumption has boon 
that there are no free librations. If this 
assumption could be justified, six 
parameters could bo eliminated from the 
data reductions by taking a priori zero 
amplitudes for the free libration 
amplitudos, S.J. Peale made a very 
careful analysis of the validity of the 
assumption. 

The only likely excitation of the free 
librations is by impact of large 
meteorites, whereas the damping will be 
due to internal energy dissipation during 
the periodic distortions from rotation 
and tides. Peale bracketed the meteorite 
energy rate by dividing the crater size 
distribution for those craters that have 
formed during the last 3 b.y. by this time 
span and using two scaling laws to relate 
crater diameter and impact energy. Ho 
then assumed extreme values of impact 
velocity of 10 and 30 km/sec to calculate 
momentum impulse rates. Assuming a 
uniform llux density over the lunar sur- 
face but keeping the velocity vectors 
parallel to the eoliptic plane and in- 
tegrating over the impact parameters 
and differential momentum impulse 
rate, Peale finally arrived at angular 
momentum impulse rates. Tidal friction 
is the most important dissipation 
mechanism in nearly all cases of decay 
of the free librations. The tidal dissipa- 
tion is modeled by allowing each periodic 
term in the expanded potential of the 
tidal distribution of mass a phase lag 
whose magnitude is HQ, the specific dis- 
sipation factor. 

Peale compared decay lime estimates 
with the average times between excita- 
tions by meteorite impact. An impact 
that excites a free libration in longitude 
witli amplitude greater than 0.01" to 
0.1" may occur several times during 
each decay time to once in many decay 
times depending on which sot of assump- 
tions is used. Until critical assumptions 
in Poalo’s analysis are refined, the 
possibility of small-amplitude free libra- 
tiona of the moon cannot bo ignored in 
data reductions. 
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Lunar mapping started when Galileo 
first turned his new telescope toward the 
moon in 1610. For nearly 300 years, 
visual observations provided sketch 
maps whose detail increased with every 
improvement in telescope quality. 

Lunar latitude and longitude are 
defined by the equator, which is the 
great circle perpendicular to the polar 
axis of rotation, and the prime meridian, 
which contains the mean direction of the 
line from the center of the earth to the 
center of the moon. To relate this system 
to the physical surface of the moon, the 
coordinates of a small circular crater, 
Mosting A, are accepted as the funda- 
mental point. Control point networks 
have been computed for the visible face 
of the moon by measuring on telescope 
photographic plates the distance and 
direction in the iJiy from Mosting A to 
other identified features. Coordinates of 
the same feature differed by several 
kilometers in the separate solutions — 
which is not surprising, since the resolu- 
tion of the best telescope plates is about 
800 m. 

In 1960 the control network computed 
by Schrutka-Rechtenstamm was used by 
the Army Map Service (AMS) to compile 
the first topographic map of the moon 
using photogrammetric techniques. 
Pairs of photographs made at maximum 
and minimum optical librations were 
employed in a specially constructed 
stereoscopic plotter to compile maps at 
1 ; 5,000,000 and 1 : 2,500,000. This 
effort made obvious the inadequacies of 
the existing control, and both AMS and 
Aeronautical Chart and Information 
Center (ACIC) undertook new control 
solutions. 

ACIC then undertook a new 
topographic mapping program at 1:1,- 
000,000 for the visible face and 1 : 500,- 
000 for the equatorial zone using new 
photographs from Pic du Midi and 
Flagstaff. These have been the basic 
documents for lunar exploration. 

In October 1959, lunar mapping en- 
tered a new phase when the Soviet 
spacecraft Lunik 3 flew around the moon 
and televised a scries of pictures of the 
hitherto unseen far aide, 'fhese were 
used to produce a chart at scale 1 ; 10,- 
000,000. In iluly 1966, another Soviet 
spacecraft Zond 3 televised much better 
pictures from the far side and a now map 
in nine sheets at scale 1 ; 6,000,000 was 
compiled. 
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The U.S. Ranger missions, the Soviet 
Luna landers, the U.S. Surveyor landers, 
and the first three U.S. Lunar Orbiters 
contributed detail maps of restricted 
local areas. 

Lunar Orbiters 4 and 5 were placed in 
polar orbits and photographed nearly 
the complete lunar surface. From these 
pictures a four-sheet planimetric map at 
scale 1 : 2,750,000 was compiled. Ac- 
curacy is a few hundred meters on the 
front side of the moon but degenerates to 
about 15 km on the far side. 

The early Apollo missions carried 
Hasselblad cameras, which made 
negligible contributions to lunar map- 
ping. But on Apollo 15, 16, and 17, a 
photogrammetrically designed system 
consisting of terrain cartographic 
camera, stellar camera, laser altimeter, 
panoramic camera, and precise timing, 
was carried. The coverage provided by 
this system, extending 32° north and 
south and from 165° east to 65° west 
longitude, is a new source of precise data 
for current studies on lunar geometry 
and mapping. 

Fundamental to mapping from the 
Apollo data is the spacecraft position in 
the selenodetic coordinate system at the 
time each photograph was exposed. W. 
Wollenhaupt described the NASA 
spacecraft ephemeris computations that 
produce this information. Original posi- 
tion data were computed from Doppler 
tracking by using existing models for 
lunar gravity field and librations. When 
these data were incorporated in photo- 
grammetric solutions, discrepenacies of 
several kilometers were disclosed. The 
accuracy of this weighted least squares 
solution is estimated to be (ta •“ 2000 m, 
(r\ = 500 m, and ^ 1200 m within 
an arc of tracking data. When the 
ephemeris is projected one spacecraft 
revolution outside the tracking arc, the 
accuracy deteriorates to “■ 2800 m, 
(7\ “ 1100 m, and o-^ “ 1600 m. 

To improve this accuracy, a new se- 
quential estimator program has been 
developed that will permit the incor- 
poration of unmodeled spacecraft ac- 
celerations due to venting, uncoupled 
thrusting, etc. With these improvements 
the predicted accuracy will be o-^ =“ 
1000 m, cr;^ 600 m, and (t^ " 600 m 
within ^he tracking arc, but with little 
improvement when the ephemeris is ex- 
tended one revolution outside the track- 
ing data. 

The eventual solution will incorporate 
the photogrammetric condition equa- 
tions and the laser altimetry, together 
with improved gravity and libration 
models. It is hoped to obtain a final ac- 
curacy of spacecraft position of the order 
of 30 m in all throe coordinates. 

Responsibility for photogrammetric 
triungululion was aasignod by NASA to 
the Defense Mapping Agency. The DMA 
Aerospace Center has completed Apollo 
16 and 17 Iriungulutions and is now 
computing an Apollo 16 triangulalion 
baaed on measurements by the DMA 
Topographic Center; Aerospace Center 


has responsibility for incorporating the 
three missions into a unified solution. 
These efforts were described by L. 
Schimerman. 

To provide data for strip and block 
photogrammetric solutions, over 60,000 
images on 1500 photographs from 31 
lunar orbital revolutions have been 
measured. The solutions are constrained 
by exposure station positions based on 
spacecraft ephemerides, camera orienta- 
tions resulting from stellar photograph 
reductions, and spacecraft-to-lunar-sur- 
face distances defined by the laser 
altimetry. Because of excessive discrep- 
ancies between ephemeris positions and 
photogrammetric positions, an initial 
Apollo 15 control system has been 
adopted based on the tracking data for 
revolution 44, which produced the best 
fit between ephemeris and photogram- 
metric positions. A. capability for photo- 
grammetrically projecting orbital posi- 
tions to the lunar surface with an ac- 
curacy of 25 to 66 meters has been 
demonstrated, and large photogram- 
metric blocks based on current 
spacecraft ephemerides indicate max- 
imum positional inconsistencies of 300 
m between moat widely separated points. 

Extension of the Apollo control system 
to higher latitudes is being accomplished 
through triangulation of Apollo mission 
high oblique photographs and relation to 
positions defined by earlier earth-based 
telescopic systems. Improvement to the 
absolute basis for ihe system is also 
being sought by photogrammetric tie to 
lunar surface retroreflectors and radio 
transmitters being observed by earth- 
based laser ranging and very long 
baseline interferometry (VLBI). 
Triangulation of photographs taken by 
the astronauts on the surface at the 
Apollo 14 and 16 landing sites is also 
being performed to precisely relate the 
positions of the retroreflectors and radio 
transmitters at these sites. 

The Apollo 17 orbiting spacecraft car- 
ried a VHF coherent imaging radar. M- 
Tiernan described the geometry of 
feature position determination by 
measurement of the radar records. Thir- 
teen craters in the southern region of 
Mure Serenitutis wore selected, The 
along-track and acroas-truck distances 
between the craters wore determined 
together with their selenocentric radius. 
These values were compared with those 
produced by the DMA photogrammetric 
procedures, Excluding throe craters that 
were apparently misidentifiod or poorly 
measured and a systematic bias in 
radius, the mean differences wore " 
192 m, A\ <“ 160 m, and ■“ 60 m. Ma- 
jor sources of error were probably crater 
identification, specular reflection result- 
ing in measurements to other than 
crater centers, radar calibration, and 
simcecraft ephomeris. The technique 
sliiiWH promise for mapping in areas 
where iuck of iliumination prohibits 
photography. 

R.W. King reported the use of 
differentiai VLBI observations of the 
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Alsep transmitters to determine the 
relative coordinates of the Apollo 12, 14, 
15, 16, and 17 landing sites. These obser- 
vations can contribute to the reduction 
of Apollo 16 and 17 orbital metric photo^ 
graphy by locating the Alseps at the 
landing sites for these missions with 
respect to the Apollo 15 Alsep. The 
determination of the position of the 
Apollo 15 Alsep transmitter with respect 
to that of the retrorefleclor at that site, 
reported by Schimerman, can then be 
used to locate all the Apollo sites in a 
unified selenodetic system, 

The coordinates determined by VLBl 
depend directly on the coordinates 
adopted for the Apollo 15 reflector and 
on the correct modeling of the moon’s 
physical libration and orbit. Considera- 
ble effort is being spent to compare the 
reference system defined by the MIT 
software with that used at JPL. These 
comparisons involve not only the lunar 
libration and orbit but also the planetary 
ephemerides, precession, nutation, ob- 
serving site coordinates, UTl, and polar 
motion. 

Data obtained on approximately 150 
tracking days between March 1973 and 
July 1974 are currently being reduced to 
obtain Alsep 16 and 17 coordinates. An 
accuracy of 5 to 15 m .seems possible 
within the next six months. 

The integrated combination of terrain 
camera and stellar camera on the Apollo 
15, 16, and 17 missions provides a 
unique opportunity to determine the 
position of the moon with respect to the 
stellar coordinate system. A. Elassal 
described the photogrammetric 
triangulation solution being conducted 
jointly by the U.S. Geological Survey and 
the National Geodetic Survey. Features 
of the program are ability to accept all 
inputs with appropriate weights, 
inclusion of the moon’s rotation rate and 
the right ascension and declination of its 
axis as unknowns to be adjusted, and a 
rigorous error propagation. Observed 
image coordinates are taken from the 
Aerospace and DMA 'fopographic 
Center projects rather than being 
reobserved. Solutions have been 
performed for blocks taken from the 
Apollo 15 and 16 missions. The lunar 
orientation and rotation computed from 
these solutions differ significantly from 
the latest Eckhardt model, as is shown in 
Table 1. 


Possible explanations for these 
differences are changes in the locking 
angles between the terrain and stellar 
cameras from their preflight calibrated 
values or a computational error in the 
application of the angles in the DMA 
data. 

A rigorous error propagation was 
performed on the triangulation of 
revolution 17 from Apollo 16. Using the 
a posteriori estimate of image coordinate 
residuals gives the following mean 
values for the estimates of computed 
surface point coordinates; tr^ — 37 m, 
crx =“ 80 m, cr^ — 75 m. These are the 
values that can be expected in a unified 
triangulation accepting any specified 
libration model. 

The task of producing maps from the 
Apollo 15, 16, and 17 missions has been 
assigned by NASA to the DMA 
Topographic Center. These operations 
were described by C, Shull. From the 
mapping camera photographs, map 
series at 1 ; 250,000 are being compiled 
for most of the area covered by the three 
missions. The orlhophoto image base is 
obtained from rectified and scaled 
mosaics in flat areas, and from optical 
orthophotos in rugged terrain. Versions 
are produced both with and without 
contours, which are derived in 
conventional stereoplolter instruments. 
On some maps, the orthophoto imagery 
is affected by the presence of Newton 
rings and other film faults on the 
original photography. Where this occurs, 
a diagram appears at the bottom of the 
map describing the film faults. 

For sites of special scientific interest, 
maps at scales of 1 : 50,000 and 
1 ; 10,000 are being produced from the 
panoramic camera photographs. Control 
points at intervals of 40 to 50 mm on the 
panoramic photographs are identified on 
the mapping camera photographs, and 
their positions are computed by 
analytical triangulation of the mapping 
camera photographs. Additional control, 
if needed, is established by using the 
AS-llA analytical stereoplotter on 
which all slereographic compilation is 
performed. These additional control 
points also serve as a base for mosaics of 
rectified panoramic photographs. The 
rectification is performed on a special 
Apollo transforming printer. In areas of 
large elevation differoncos, ortho- 
photographs are produced on the 


Universal automatic map compilation 
equipment (Unamace), Control for these 
orthophotographs is established by 
analytical triangulation of the 
panoramic photographs using a 
panoramic preprocessor program 
developed to reduce the panoramic 
photograph to an equivalent metric 
frame. 

Fourth Session 

Panel on Tectonic IrnplicationH: 

Structure and Evolution 

Chairman: James W, Head (Brown 
University) 

Members: Gerald Schubert (University 
of California at Los Angeles), John 
Wood (Smithsonian Astrophysical 
Observatory), Nafi Toksoz (Massa- 
chusetts Institute of Technology), 
D.W. Strangway (University of 
Toronto) 

The surface of the moon offers a 
number of clues about the tectonic 
sotting and history of that planetary 
body. There is no evidence in the moon’s 
present surface morphology for any of 
the classic terrestrial ocean basin or 
continental features associated with 
plate tectonics. Structural features 
typical of the last 3,8 b.y. of lunar history 
are primarily limited to small lonsional 
and compressional features generally 
associated with the filling of the maria 
and minor readjustments of mare 
basins Mountain ranges, classic 
terrestrial tectonic features, are limited 
in terms of their time of formation on 
the moon to the period prior to about 3,8 
b.y. ago. They also formed in a radically 
different way, Lunar mountain ranges 
define the circular rings of major, 
multiple-ringed basins, which formed as 
gigantic impact craters, 

The mountains associated with these 
events are up to 6 to 6 km high and 
formed both at the crater rim itself and 
along circular fractures as major 
portions of the crust collapsed inward 
toward newly excavated craters. Be- 
tween 50 and 60 of those major basins 
have been recognized on the moon, The 
charncteristics, distribution, sequence, 
and filling of those basins provide 
considerable evidence for understanding 
the structure and evolution of the moon. 
Surface structure suggosls that the 
major tectonic activity on the moon 
occurred during and just after the 
formation of the lunar crust. By about 
3,8 b.y. ago, the lunar crust had attained 
a state and thickiioss liiat precluded 
subsequent major tectonic activity. 
Important evidence for the 
characteristics of the interior that led to 
this tectonic history are found in 
geophysical and petrologic exporimontH 
and studies. 

Gerald Schubert discussed the 
implications of the lunar offset of center 
of figuro/center of mass in terms of what 


TABIjE 1. Lunar Orientation and Rotation: Comparison of Values 
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Computed value 13’'()9'!i0" 
99".. confidence rt-Ol' 
Eckluirdl 


Apollo 15 

-H7”l 1'15" 

±08' 

-H7'’0r to -87’’ 11’ 


Computed value 
99".i confidence 
Eckhardt 


13' 12' 

Apollo 16 

!3’’10'48" to 13'’10'17" -86"28'30" 


±30’ 

13“08'39" to 13'’09’59" 


±05'40" 

-86’’30’ to 86“24' 


22’’34'30’' 

±05’ 

22'’20’30" 


22"41'45'’ 

± 02 ' 

22“45' to 22"43' 
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thickened at the rate of about 220 
km/b.y. during this period. In particular, 
the shallowest melting progressed from 
140- to 280-km depth during the period 
of mare filling, in agreement with the 
depth of origin of mare basalts and with 
the need for a reasonably thick 
lithosphere to sustain the stresses 
associated with mascon gravity 
anomalies. The disappearance of 
melting in the mantle coincided roughly 
with the termination of magmatic 
events. At the present the whole moon is 
cooling. The deep interior, below a depth 
of 1000 km may be hot enough for 
partial melting. 

Present-day temperatures generally 
exceed the melting temperatures of Fe 
or Fe/FeS combinations in the deep 
lunar interior. Thus if there were a 
concentration of Fe or Fe/FeS in the 
center, the.se would be molten, and the 
moon would have a molten core, 

Dave Strangway discussed the variety 
of lunar magnetic data and outlined 
implications for lunar evolution from the 
information. Returned lunar basalt and 
breccias are magnetized, and lunar 
suface magnetic anomalies have been 
detected at the Apollo 16 site by using 
the lunar portable magnetometer. 
Measurements from lunar orbit reveal 
surface anomalies at the 60- to 100-km 
scale of surface magnetization. Lunar 
breccias appear more magnetic than 
basalts because they have more metallic 
iron, and the metallic iron in mare 
basalts occurs in larger fragments that 
are generally soft. Breccias are shocked 


and heated and appear to derive their 
magnetic characteristics from excess 
fine-grained iron rather than from a 
stronger field. 

Modeling work is under way on 
regional anomalies detected by satellite 
to determine direction of magnetization. 
Directional information will be 
significant in determining the nature 
and origin of the field originating these 
anomalies (internal, external, transient, 
or impact-induced). 

Knowledge of the origin of the 
magnetic field will help to put 
constraints on lunar thermal history, 
Strangway discussed a model in which 
there is a present-day partially molten 
core, a heat flow between 24 and 30 ergs 
cm“"^ s~', and a crust that developed 
early in the moon’s history by melting of 
the outer 160 km. The deep interior is 
below the Curie point of iron for the first 
1 to 1.5 b.y., so that it is able to carry the 
memory of an early field that 
magnetized the cold interior. The 
magnetized mare basalts and breccias 
cooled in this field from above the Curie 
point of iron C~800°C.) and acquired a 
thermoremanent magnetization. In this 
model the moon’s deep interior will 
recently have warmed up enough to 
erase the memory of the ancient field 
from the deep interior and to develop the 
core, which has been detected 
seismically. 

Summary Session 

In the final discussion, the following 
measures were emphasized as desirable 
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to exploit existini^ data and to prepare 
for a future lune.r orbiter; addition of 
high satellites (Lunar Orbiter 4, 
Explorer 49) to the data set being 
analyzed for the far-side gravity field, 
with the hope of getting an improved Jj 
as well; use of far-side metric camera 
data; singular-value analysis and other 
statistical techniques to obtain more 
meaningful measures of the accuracy of 
the results; and simulation studies of 
possible lunar orbiters with the existing 
data set. The solution of dynamical 
problems associated with the physical 
librations is progressing satisfactorily 
toward ultimate accuracies of the order 
of ±0.6 m for the location of 
fundamental control points and ±0,1" 
for the moon’s orientation. Full 
exploitation of the mapping photography 
appears to require both more iteration 
with orbital dynamics solutions and 
interaction with the geologic 
applications of the end product. 

Although appreciably more should be 
inferred about the far-side and polar 
regions from existing data, the resulting 
picture will inevitably bo considerably 
smoothed and highly vulnerable to bias, 
These considerations, together with the 
significantly different character of the 
far-sido and polar geology, make a high- 
inclination orbiter With altimetric and 
gravimetric capabilities an extremely 
attractive means of attaining a better- 
rounded understanding of lunar gravity 
and geometry, and of their implications 
for origin and evolution. 
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